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ABSTRACT

Atomically thin transition metal dichalcogenide (TMD) semiconductors hold enormous
potential for modern optoelectronic devices, magnetic sensing, and quantum computing
applications. By inducing long-range ferromagnetism (FM) in these semiconductors by stacking
them with other magnetic TMDs or through the introduction of small amounts of a magnetic
dopant, it is possible to extend their potential in emerging spintronic applications. In this
dissertation, we aim to demonstrate two important applications of these materials: magnetic
sensing and light-mediated, room temperature (RT) FM in V-doped WS2 (V-WS2) and V-WSe2
monolayers and in ML VSe2/TS2 (T = Mo and W) heterostructures. In this work, we developed a
new ultrasensitive magnetometer using the principle of magneto-LC resonance, which employs a
soft ferromagnetic Co-based microwire coil driven near its resonance in the radio frequency (RF)
regime. The combination of LC resonance with an extraordinary giant magneto-impedance effect
renders the coil highly sensitive to changes in the magnetic flux through its core. By placing the
sample at the core of the coil we can probe its magnetic permeability. This technique allows us to
easily apply external stimuli to the samples as we perform real time measurements. Using this
magnetometer, we have measured light intensity dependent magnetic permeability of the VWS2 (V-WSe2) monolayer subject to light illumination, confirming light control of RT magnetism
in this material. Guided by density functional theory calculations, they attribute this phenomenon
to the presence of excess holes in the conduction and valence bands, as well as carriers trapped in
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the magnetic doping states, which mediates the magnetization of the V-WS2 (V-WSe2) monolayer.
We have also used this technique to demonstrate light-mediated FM at RT in ML VSe2/MoS2 or
VSe2/WS2 heterostructure. This effect is attributed to photon absorption at the MoS2 or WS2 layer
that generates electron-hole pairs mediating the magnetization of the VSe2/MoS2 or VSe2/WS2
heterostructure, and we demonstrate the direct role of confinement effects in enhancing lightmediated magnetism in this heterostructure. In addition, we have demonstrated the potential of
VSe2/MoS2 heterostructures for magnetic sensing by exploiting the large change in resonance
frequency of the probe in the presence of an external magnetic field, an effect that is further
enhanced by inserting VSe2/MoS2 in the core of the sensor. We have also demonstrated the
potential of exploiting the AFM spin coupling between V and W atoms in V-WSe2 monolayers,
which results in the formation of two magnetization states when an external magnetic field is
swept. This magnetic switching feature shows the potential of V-WSe2 monolayers for energy
harvesting applications.
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CHAPTER 1: INTRODUCTION
1.1 Emerging two-dimensional magnetic materials
In the past decade, advances in growing techniques resulted in a boon of atomically thin
materials. This resulted in the discovery of novel physics unique to these two-dimensional
materials. Magnetism in two-dimensional materials was theoretically prohibited by the MerminWagner theorem which states that two-dimensional systems with continuous symmetry cannot
have a broken symmetry at finite temperatures;1 long-range magnetic order would be suppressed
by thermal fluctuations. However, the magnetic anisotropy of the material can counteract the
thermal suppression, inducing symmetry breaking. The first experimental evidence of an intrinsic
2D FM behavior was observed in CrI3 down to the monolayer limit.2 Since this discovery, other
2D van der Waals magnetic materials have been discovered, such as CrBr3, CrCl3, TMPS3 (FePS3,
MnPS3, NiPS3, CoPS3, FePSe3, MnPSe3), CrSiTe3, CrGeTe3, Fe3GeTe2, Fe5GeTe2 and others.3
These materials are an excellent platform to study novel physics, and it is certainly important that
their properties are characterized and understood. However, applications of 2D magnetic materials
in modern spintronics require them to hold magnetic ordering above room-temperature. Such 2D
ferromagnets should also be semiconducting, giving access to the rich electronic and optical
phenomena, which are often not open to metallic ferromagnets, for applications in spintronic and
opto-spintronic devices.4
Magnetism in van der Waals (vdW) materials is not limited to the aforementioned intrinsic
ferromagnets. It can also be induced in different ways, for example, (i) by doping of magnetic
transition metal atoms into an atomically thin transition metal dichalcogenide (TMD) such as V1

doped WS2 and WSe2 and Fe-doped MoS2 monolayers5–8 or (ii) by forming an interface between
an intrinsic magnetic film that magnetizes a non-magnetic TMD layer through the magnetic
proximity effect (MPE) such as MoS2/YIG (YIG = Y3Fe5O12),9,10 providing a pathway for 2D
ferromagnets with higher Curie temperatures, TC, towards room temperature 2D vdW spintronics
and magnetic applications.
1.2 Room temperature magnetism in two-dimensional TMDs
1.2.1 Two-dimensional dilute magnetic semiconductors
It has recently been theoretically and experimentally shown that the introduction of
magnetic transition metal atoms into semiconducting two-dimensional (2D) TMD, such as Vdoped WSe2 and V-doped WS2, permits long-range ferromagnetic order that can be induced at
room temperature.5,6,11 This has created a novel class of 2D dilute magnetic semiconductors
(DMSs). Currently, the Ruderman–Kittel–Kasuya–Yosida (RKKY) mechanism is believed to be
responsible for the long-range ferromagnetic order in these TMD systems, where free holes are the
medium that supports the interaction between V atoms.5–7,11 In particular, we have recently
demonstrated that p-type V-doped WS2 monolayers have strong and tunable room temperature
ferromagnetism.5 By replacing W, having six valence electrons, with V, having five valence
electrons, an electron deficiency is created in V-WS2 that eventually becomes a p-type dominant
semiconductor. Unlike diamagnetic pristine WS2, ferromagnetism is enhanced with V doping in
monolayers of V-WS2, which is found to be optimized at ~2 at.% V and quenched for higher V
concentrations due to orbital hybridization at too-close vanadium-vanadium distances.5 In a similar
manner, strong and tunable ferromagnetism has been achieved in V-doped WSe2 monolayers, with
the 4at.% V-doping concentration showing the largest saturation magnetization.7 Current efforts
are being directed to enhance the magnetic and magneto-optical responses of these 2D DMSs.12
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1.2.2 Proximity-induced magnetism in two-dimensional TMDs
Typical TMDs allow wide flexibility and integration with each other.13 Stacking TMDs of different
types can create novel heterostructures with atomically sharp interfaces and properties that are
absent in their individual components.14–18 Recent studies have shown that the magnetic or
magneto-optical property of a non-magnetic TMD can be induced or greatly enhanced by stacking
it with another magnetic layer.14,16–21 This is a direct consequence of the so-called MPE, due to
which magnetization from a ferromagnetic material penetrates into a neighboring nonmagnetic
region of the other non-magnetic material.17,22,23 Theoretical studies have shown that the
magnetization can be induced in single layer MoS2 when interfacing it with a ferromagnetic metal
Ni19 or a ferromagnetic semiconductor EuS.20 Zhao et al. have recently demonstrated
experimentally the use of the magnetic exchange field (MEF) from the EuS substrate to greatly
enhance valley splitting in monolayer WSe2.14 Most recently, Seyler et al. have optically
manipulated the magnetization of an ultrathin ferromagnetic insulator CrI3 to tune the MEF over
a range of 20 T, enabling valley manipulation in the monolayer WSe2.18 While these studies place
important steps toward valleytronics and quantum computing applications, the MEF-related
effects are restricted to low temperature, as both EuS and CrI3 order magnetically well below 100
K.14,18,20
To induce and manipulate the magnetic, magneto-optical and valleytronic properties of
non-magnetic TMD monolayers (MoS2 or WS2) at room temperature (RT), it is possible to form
their interfaces with monolayer VSe2, which has recently been discovered by our group24 to show
strong ferromagnetism above RT. The MEF of the ferromagnetic monolayer VSe2 can be used to
induce magnetic ordering into the TMD monolayer through their magnetic interface coupling.
Monolayer and bilayer MoS2 have been reported to show a strong photon absorption property.25
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This atomically thin semiconductor would thus be an ideal candidate for 2D van der Waals
spintronics and valleytronics applications if room temperature ferromagnetism could be realized
in it and manipulated by external stimuli (light, electrical field, strain, etc.). Unfortunately, MoS2
has been reported to show no magnetic ordering (diamagnetic) in the bulk form24,26 and/or
relatively weak defect-induced RT ferromagnetism at the single layer limit.27,28 Continuous efforts
have been made to enhance the magnetization of monolayer or bilayer MoS 2 by incorporating
magnetic ions (Ni, Fe, Co, Cr) into it or annealing the material under different atmospheres, but
with limited success.29–34
1.2.3 Light-mediated two-dimensional magnetism
Dilute magnetic semiconductors offer an alternative path towards the realization of cuttingedge spintronic devices.16,35–39 In addition to the manipulation of their magnetic properties with
electrical fields or gating, the use of light to control magnetism in these semiconductors support
the ever increasing demands on multifunctional (smart) sensing devices, information storage, and
quantum computing technologies.40–43 So far, it has been reported that a carrier-mediated
ferromagnetic interaction between the Mn ions in p-type (In,Mn)As/GaSb semiconductor has been
enhanced by the illumination of light through the generation of excess holes in the (In,Mn)As
layer.40 Unfortunately, this effect is limited to low temperatures (< 50 K), while the most important
technological applications are required to operate at room temperature.44,45
Our discovery of tunable room temperature ferromagnetism in V-doped TMD
semiconductors5,7 has provided us with the new possibility of tuning/controlling their magnetoelectronic property with external stimuli, like a magnetic field, an electric field,46 or as we show
in this dissertation, with light. Photoluminescence (PL) reveal that, even after vanadium doping,
strong photoluminescence is still present in V-WS2 or V-WSe2 monolayers. These observations
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lead us to propose that the ferromagnetism in the V-WS2 or V-WSe2 monolayer can be mediated
by illumination with a laser of appropriate energy, that is, above the optical gap. Electrons from
photogenerated electron-hole pairs may be captured by the V atoms, thus creating an imbalance in
the carrier population (i.e., the generation of excess holes) such that the ferromagnetism of the
monolayer is modified. The light mediated changes of the magnetization in 2D semiconducting
materials, will certainly lead to novel applications in spintronic and spin-caloritronic devices that
have not been yet realized.
It has been reported that the saturation magnetization of a VSe2/MoS2 heterostructure is
significantly enhanced compared to its component, due to the MPE-enhanced magnetic interface
coupling.24 Given the fact that VSe2 is a metal and MoS2 is a semiconductor and the difference in
their work functions, light irradiation on this heterostructure would promote charge transfer
through VSe2/MoS2 interface, resulting in changes in the band structure and hence the net
magnetization of the system. The introduction of ferromagnetic ordering into MoS2 or WS2
monolayer through the MPE due to the presence of the ferromagnetic VSe2 layer and the possibility
of using laser light to manipulate its magnetization may render new and novel applications in optospintronics, opto-spin-caloritronics, opto-valleytronics, and quantum computation.47
1.3 Dissertation overview
Currently, in the field of 2D magnetic materials, there are many outstanding questions
regarding their viability for modern applications. Can we obtain robust, long-range RT
ferromagnetism in 2D materials? Can atomically thin materials conform to the standards of
efficiency and power consumption required to substitute already established materials? Recent
work by our group and collaborators has shown that magnetic order can be induced and enhanced
in atomically thin TMDs with TC above RT.7,40 We have achieved this using two methods: (i) by
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introducing magnetic dopants into semiconducting monolayer WS2 and WSe2 and (ii) by
interfacing magnetic monolayer VSe2 with non-magnetic monolayer (bilayer) MoS2 or WS2.
While much work remains to be done in this regard, we now have the unique opportunity to explore
their magnetic response to external excitations such as light irradiation which we explore in the
course of this dissertation. Our findings, as reported in this dissertation, would provide a unique
route to exploit light-controlled ferromagnetism at room temperature in 2D van der Waals systems
and potentially establish a new subfield named photo-spintronics.
This dissertation is divided into seven chapters. Chapter 1 provides an introduction and
motivation to our work on magnetic 2D materials and their potential applications, as well as an
overview of the organization of the dissertation.
In Chapter 2 we discuss the theoretical aspects of light-controlled magnetism in a variety
of systems, explaining the different effects and mechanisms that govern it. We review past
experiments demonstrating light controlled magnetism in thin films and 2D materials and
heterostructures and discuss the relevant mechanisms associated to each one.
Experimental methods are reviewed in Chapter 3 where we describe the different methods
used to grow our samples which were provided by our collaborators at USF and at The
Pennsylvania State University. We also discuss the magnetometry techniques used to characterize
the magnetic properties of our samples and our new magneto-LC resonance technique used to
probe light controlled magnetism.
Our observations of light-controlled magnetism in V-doped WS2 monolayers are discussed
in Chapter 4. The magnetic properties of 2 at.% V-WS2 are reviewed at room temperature, and
shown to have optimal magnetism compared to samples with different doping concentrations. We
performed light-controlled magnetism experiments and that the magnetic moment of the film is
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enhanced when illuminated with light above the bandgap. A similar effect is also observed for Vdoped WSe2 monolayers. This is attributed to an accumulation of optically injected holes in the
monolayer, which DFT calculations confirm enhance the magnetic moment of the 2D films.
Chapter 5 discusses light-controlled magnetism in 1L-VSe2/2L-MoS2 heterostructures.
VSe2 monolayer been previously shown to exhibit room-temperature ferromagnetism, and the
incorporation of an optically active layer allows us to access and control these properties using
light. Our experiments confirm light-mediated magnetism in these films, resulting from photon
absorption in MoS2 layer which generate electron-hole pairs responsible for mediating magnetism.
We observe a direct consequence of confinement effects on the enhanced magnetism with light by
comparing the performance of VSe2 grown of 2L-MoS2 and bulk single crystal (BSC) MoS2. We
found that the enhancement is significantly more pronounced in VSe2/2L-MoS2 than it is in
VSe2/BSC-MoS2.A similar effect is also observed for 1L-VSe2/1L-WS2.
In Chapter 6 we discuss a novel application of a VSe2/MoS2 2D magnet for magnetic
sensing. This sensor exploits the ultra-high magnetic sensitive of soft ferromagnetic microwires,
wound into coils and driven near resonance, with the soft magnetic properties of 2D magnets. We
show that the presence of the 2D magnet at the core of the coil increases the sensitivity of the
sensor, demonstrating the potential of 2D materials for magnetic sensing applications. We also
demonstrate the potential of magnetic switching features of V-WSe2 for energy harvesting
applications. We compare this feature to that of twisted FeCoV wires where antiferromagnetic
coupling between the core and the shell of the wire gives rise to the Wiegand effect, which has
been used for electromagnetic harvesting and sensing applications.
Chapter 7 summarizes the new and important findings of our research and presents an
outlook for future research in this exciting, rapidly expanding field.
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CHAPTER 2:
THEORETICAL BACKGROUND AND FUNDAMENTAL ASPECTS OF LIGHT
CONTROLLED MAGNETISM IN TWO-DIMENSIONAL MATERIALS

Since the isolation of graphene, a great number of atomically thin materials have been
obtained and characterized, leading to the discovery of remarkable properties unique to their twodimensional (2D) nature. 2D transition metal dichalcogenides (TMDs) have received particular
attention due to their outstanding electronic properties, among which stands out the transition from
indirect to a direct bandgap when thinned down to a single layer. Depending on the composition
of TMDs they can be semiconducting, semimetal or metallic, and even show superconducting
properties, demonstrating the immense potential for applications. In this chapter we will review
the theoretical aspects of TMDs. Their electronic, optical, and magnetic properties are discussed,
with emphasis on MoS2, WS2, WSe2 and VSe2. We also review the recent progress of lightmediated magnetism phenomena in a variety of 2D materials (not limited to TMDs), discussing
both experimental results and theoretical predictions. We highlight the different mechanisms
which govern light-mediated magnetism in 2D materials, which sets the basis for our work.
2.1 Group VI transition metal dichalcogenides
Semiconducting TMDs present an excellent platform for a great number of applications.
Strong spin orbit coupling, and the formation of unequal valleys, among others have provided
novel ways to realize two-dimensional electronic, optoelectronic and spintronics devices. One of
the most attractive properties of semiconducting TMDs is the tunability of their band structure.
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Group VI TMDs of the form MX2 (M = Mo, W and X = S, Se) have a crystal structure that consists
of hexagonally packed metal atoms which are sandwiched between to hexagonally packed atomic
planes of chalcogen atoms. The interlayer bonding is van der Waals in nature while the intralayer
bonding is covalent.48 Figure 2.1 shows the structure of the two polytypes of MX2, where 1H-MX2
is the most common. 1T-MX2 has an octahedral coordination and 1H-MX2 is trigonal prismatic.

Figure 2.1: Monolayer (a) 1T-MX2 and (b) 1H-MX2 with their corresponding coordination unit
and energy level diagrams. Adapted from reference [48].
2.1.1 Band Structure
The valence and conduction bands, at the K-points are formed from the hybridization of
the 𝑑𝑥𝑦 , 𝑑𝑥 2−𝑦 2 and 𝑑3𝑧 2−𝑟 2 transition metal orbitals, and the 𝑝𝑥 , 𝑝𝑦 and 𝑝𝑧 chalcogen atom
orbitals, where 𝑝𝑧 plays an important role in multilayer MX2.49,50 The band structures of monolayer,
bilayer and bulk MX2 are shown in Fig. 2.2. In all four compounds the energy gap evolves from
and indirect bandgap in bulk form to a direct bandgap in monolayers, and the gap increases with
decreasing number of layers. The direct gap is formed at the two inequivalent K-points of the
hexagonal Brillouin zone. The formation of the direct gap has two main contributions. First, at the
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Figure 2.2: Calculated band structures for (a) monolayer, (b) bilayer and (c) bulk MX2 (M = Mo,
W, X = S, Se); (d) schematic of the Brillouin zone of MX2. Adapted from reference [49].
Γ point, the states are formed from a combination of 𝑝𝑧 orbitals and 𝑑𝑧 2 orbitals from M atoms.
As the number of layers decreases, the interlayer interactions will decrease, lowering the energy
of these states, and causing a downward shift at the 𝛤 point. At the same time, at the K point, the
top of the valence band and the bottom of the conduction band are mainly formed from orbitals in
the x-y plane (𝑑𝑥𝑦 and 𝑑𝑥 2 −𝑦 2 ) and are mostly unchanged by the changes in the z direction,
therefore the energy at this point sees almost no change as the number of layers reduces, giving
rise to the direct gap transition with increased gap size.51 Due to strong spin orbit coupling in
monolayer TMDs, a splitting of the valence band maximum and conduction band minimum is
observed. The band splitting is larger for heavier transition metal atoms like W, due to their larger
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spin-orbit coupling. This breaks the degeneracy of these bands, giving rise to two excitons, A and
B, corresponding to the excitons of the now split off subbands.51 This is easily observed in
photoluminescence (PL) measurements, where two peaks (A and B excitons) are observed.
2.1.2 Chemical doping in 2D semiconductors
One of the main routes to modify the properties of intrinsic semiconductors is through the
introduction of dopants. Even a small amount of dopants can significantly change the physical
properties. The valence of the dopant relative to the semiconductor atom it is replacing will
determine what type of doping is incurred. If the valence of the dopant is higher (n-type) than the
semiconductor, it will donate an electron to the conduction band, forming donor levels usually
near the conduction band. If the valence is smaller (p-type), then it will accept an electron from
the valence band, forming acceptor levels usually near the valence band.52
2.1.3 Optical properties
Due to confinement effects, the optical properties of group VI 2D TMDs is largely
dominated by exciton interactions, which is further enhanced by the reduced dielectric screening.53
When light interacts with semiconducting TMDs, photons are absorbed, exciting an electron into
the conduction band, and creating a hole in the valence band. These two may bind to form an
exciton which interact with each other through the Coulomb force. The minimum energy required
to from an exciton in 2D TMDs is known as the optical gap. The inverse process is known as
recombination, where carriers return to an equilibrium state. There are three types of
recombination processes: direct recombination, Auger recombination, and Shockley-Read-Hall
recombination. In direct recombination, an electron in the conduction band returns to the hole in
the valence band, releasing energy equal to the transition. Auger recombination occurs when the
carrier has an energy larger than the energy gap, where the energy is transferred to a third particle,
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which in n-type semiconductors is likely to be an electron and in p-type semiconductors is likely
to be a hole. In Shockley-Read-Hall recombination, impurity bands that form in between the
conduction and valence bands serve as carrier traps reducing the energy threshold of
recombination.52
2.2 Light mediated magnetism in two-dimensional materials and heterostructures
Recent advances in the field of two-dimensional materials have provided us with an
updating list of novel two-dimensional materials with both intrinsic and extrinsic magnetic
properties.3,5–8 While most van der Waals intrinsic magnets such as CrI3,54 Cr2Ge2Te6,55,56 and
Fe3GeTe2 57 order at low temperatures, recent extrinsic magnets such as, 24,58,59 and M-doped TX2
(M = V, Fe, Cr; T = W, Mo; X = S, Se, Te) monolayers5–8 that order close to or above room
temperature have been discovered, spurring a great number of publications detailing their growth
and characterization. Due to their high-quality interfaces and weakly coupled interlayer
interactions, such 2D van der Waals materials with desirable properties can also be easily stacked
together to create novel heterostructures. Their potential for next generation spintronic and
valleytronic device applications has been highlighted due to their atomically thin nature and
integrated opto-electro-magnetic properties,4,60–62 however, the field of true applications of 2D
magnets is still in its infancy.
Tunability of the magnetic states of magnetic materials can range from enhancing its
magnetic moment, tuning its Curie/Néel temperature (TC/TN),63 to inducing magnetism in nonmagnetic materials through doping,6–8,11,29,30,64–66 interfacing,24,67–69 strain engineering67,70–74 or
applying external stimuli.40,75 More importantly, the ability to modify magnetic properties of
materials in a reversible way, using external stimuli such as light,40,63,76–80 has proven to be a
powerful tool for modern spintronic applications. As material growth techniques become more
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sophisticated, materials have been developed to be thinner and thinner down to the one and twodimensional limit. With smaller dimensions, new physics arise, and new potential applications
follow. In spintronic devices, reversibility signifies reusability, therefore we look towards ways in
which we can tune the magnetic states of magnetic materials without permanently changing it,
especially if we can do so in an ultra-fast timescale. Optical switching has been previously
demonstrated in several materials at different timescales and different light power levels.61,81–84 It
has the advantage over electrical switching in not having to rely on contacts, which are strongly
affected by conductivity mismatches and the relative size between contact and surface area.
Many experiments have been reported demonstrating some form of light mediated
magnetism in both intrinsic and extrinsic van der Waals magnets and heterostructures. We have
seen light driven magnetization in 10.5 nm thick Cr2Get2Te6,85 which is attributed to an increase
in the Curie temperature. In atomically thin Fe3GeTe2, femtosecond laser excitations lead to
tunable exchange interactions and TC,63 leading to the emergence of room-temperature
ferromagnetism in the system which is a result of structural changes due to the optical excitation.
In CrI3 and CrCl3, light driven electron spin resonance was measured, even in the paramagnetic
phase of CrCl3.79 In 2D van der Waals antiferromagnet NiPS3, ultrafast light induced changes in
the magnetocrystalline anisotropy have been observed86 due to resonant optical excitation of Ni2+
electrons to the 3T2g orbital state. Predictions of light driven magnetic phenomena such as
photocarrier induced phase transitions in atomically thin RuCl3,87 optically driven magnetic order
transitions in 2D MXenes88 and photoinduced interlayer spin transfer in non-magnetic/Fe3GeTe2
heterostructures,89 proves that the field is ripe for many experiments in novel materials and
heterostructures. Therefore, we describe below fundamental aspects of light-controlled magnetism
and methods for probing the light-mediated magnetic effects in a wide range of magnetic materials.
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2.2.1. Fundamental aspects of light-controlled magnetism
Different magnetic properties may be tuned using light. Depending on the composition,
electronic properties of the materials and magnetic interactions between different materials, light
may have a different impact on the properties of materials which may lead to different
effects.60,80,90–96 A common denominator among many of these changes is that the introduction of
photocarriers (electron-hole pairs) mediates changes in the magnetic properties of the host
material, or the interface in heterostructures. This occurs by direct change of the electronic
properties of the host material. Figure 2.3 shows, in select cases, how light can mediate the
magnetic property of a single material or a heterostructure.
Upon light illumination, structural parameters of a material can be heavily affected by
photocarriers, which may allow for phase transitions between two phases which are close in energy
(Fig. 2.3a). DFT calculations show that when monolayer RuCl3 is illuminated, both free carriers
and photocarriers can switch the material from a proximate spin-liquid phase to a stable
ferromagnetic phase.87 He et al. also predict the light-mediated magnetic order transitions from
ferrimagnetic to ferromagnetic in 2D MXenes such as Cr2VC2F2, Mo2VC2F2, Mo2VN2F2,
Mo3C2F2, and Mo3N2F2.88
In dilute magnetic semiconductors like monolayer V-doped WS2 and WSe2,95 the
magnetization has been shown to be enhanced by light with low powers (Fig. 2.3b). In these
systems, when electron-hole pairs are generated during illumination, electrons are trapped in the
electron deficient doping sites, resulting in a net population of holes, which promotes more robust
magnetization across the lattice, supporting long-range magnetic interactions.
In a heterostructure composed of a magnetic material and an optic material, the
magnetization of the system can be tuned when illuminated with tunable light intensities. Upon
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light illumination, charge transfer occurs at the interface between the two materials that can alter
the electronic structure (band structure) and hence the magnetic response of the magnetic
component, resulting in a change in the total magnetization of the heterostructure. Indeed, in a
CH3NH3PbI3/La0.7Sr0.3MnO3 (LSMO) heterostructure, white light has been reported to tune the TC
of the heterostructure by as much as ~7 K, corresponding to a change in magnetization of over
30% (Fig. 2.3b).97 This is due to the high sensitivity of LSMO to photo-induced carrier
concentrations.

Figure 2.3: Light-mediated magnetism phenomena two-dimensional materials manifests in
different forms. Light can generate changes in the structure of materials leading to (a) light induced
structural phase changes which affect the magnetic interactions in magnetic materials; (b)
photocarriers are capable of, inducing, enhancing and/or suppressing the magnetic moment in 2D
materials; (c) valley pseudospins can be manipulated with circularly polarized light leading to
another instance of light-controlled magnetism. Adapted from references [1,63,78,87,88,90].
Another field which exhibits light controlled magnetism is valleytronics (Fig. 2.3c).
Valleys are local extremum in the momentum space of crystals and are located at the minimum of
the conduction band and maximum of the valence band.61,98
15

Magnetic properties of

semiconducting materials and related heterostructures may be optically tuned by manipulating the
valley degree of freedom which is accessible using circularly polarized light and may be
manipulated through the breaking of time-reversal symmetry18, which is only achievable in
systems with broken inversion symmetry such as TMDs. Heterostructures of van der Waals
materials have shown to be promising candidates for valleytronic devices since they are able to
combine TMD semiconductors with magnetic van der Waals materials, giving us access to the
magnetic properties of the structure through circularly polarized light.18
Light has also been predicted to manipulate the interfacial spin injection and magnetic
proximity related transport properties of 2D magnetic van der Waals heterostructures such as
Fe3GeTe2/graphene (Fig. 2.3c).89 Upon light illumination, the photoexcited spins of Fe first
transfer to intralayered Te atoms and then hop to interlayered graphene, leading to significant large
spin injection from Fe3GeTe2 to graphene within a few femtoseconds. This is also known as an
interfacial atom-mediated spin transfer pathway.
The common denominator among all these phenomena is the role of charge carriers in
modifying the electronic properties, usually the band structure which is then responsible for overall
changes in the magnetic properties.
2.2.2 Light-mediated magnetic effects in two-dimensional magnets and heterostructures
2.2.2.1. van der Waals intrinsic magnets
Singamaneni et. al. reported photoinduced changes in the ESR properties of CrCl3 and CrI3
single crystals.79 They found that in CrCl3 single crystals, photoexcitation resulted in a shift of the
g-value, broadening of the linewidth and a significant reduction in the ESR intensity, all this in the
magnetically ordered phase (TN = 17 K) at 10 K. No changes were observed in the paramagnetic
phase, regardless of light intensity (Fig. 2.4a-c). More interestingly, in CrI3 single crystals, a

16

change was observed in both the FM and PM phases upon light excitation. Bellow TC (61 K) a
similar behavior to that of CrCl3 was observed, however in the PM phase they also observed lightdependent changes of the ESR parameters (Fig. 2.4d-f).

Figure 2.4: The temperature dependence of the g-value (a,d), linewidth (b,e) and ESR intensity
(c,f) for CrCl3 and CrI3 respectively, under light on and light off conditions are shown. Adapted
from reference [79].
Manipulating the magnetic anisotropy of 2D magnets is possible using ultrafast laser
pulses. Magnetism in many 2D van der Waals materials is often associated with the presence of
transition metal ions, which often have quenched orbital moment in the ground state leading to
weak anisotropy in the system which is driven by the mixing of the ground state and higher energy
orbital states.5 This admixing can be manipulated through optical pumping, providing a new
avenue of optically controlled magnetic phenomena. Calculations have predicted light tunable
magnetic anisotropy in two-dimensional intrinsic magnet CrI3, which goes as switching between
in-plane and out-of-plane magnetic anisotropy (Fig. 2.5). 99
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Figure 2.5: A schematic of light interacting with CrI3 is shown in (a). Projection of the excited
state on the ground state; the inset of (b) shows spin up – and spin down-projected states of Cr.
The projections of I atoms are shown in the gray regions. (c) Variation of the atomic charge as a
function of time of Cr (red) and I (blue). The magnetic moment as a function of time is shown in
(d) where the out-of-plane (green lines) and in-plane (orange lines) contributions are shown.
Adapted from reference [99].
Afanasiev et. al. also reported light induced magnetic anisotropy in a NiPS3 layered
antiferromagnet86. This emergent anisotropy is a result of the ultra-fast resonant optical excitation
of the Ni2+ ions to the 3T2g orbital state which has an unquenched angular momentum, contrary to
the lower-level orbital states. The lifetime of this excitation is expected to be smaller than 3 ps
bellow the sample’s Neel temperature (~155 K).86
Zhou et al. observed the light-induced switching of magnetism in porphyrin functionalized
ultrathin FeS nanosheets.100 Unlike its bulk counterpart that is an antiferromagnet, a ferromagnetic
order emerges in the troilite FeS nanosheets due to superficial symmetry breaking. Upon light
illumination, a large number of photo-generated carriers take part in a singlet-to-triplet conversion
through intersystem crossing of tetra(4-carboxyphenyle)porphyrin molecules decorated on the
nanosheets. The generated triplet carriers could make spin flips occur at FeS surface, leading to a
magnetic conversion from the FM to AFM state.
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Figure 2.6: (a) Schematic of MOKE setup used to detect light induced magnetism in FGT; (b)
diagram of light mediated magnetism in FGT, showing that it is mediated by charge carrier; MOKE
measurements of fluence dependent ferromagnetism in (c)7-, (d) 4-, and (e) 2-layer FGT. Adapted
from reference [63].
The most direct way light can manipulate the magnetism in 2D materials is by directly
modifying their electronic properties, promoting the emergence of magnetic qualities. An
interesting example of this was demonstrated by Liu et al. showing light-tunable ferromagnetism
in two-dimensional Fe3GeTe2 (FGT).63 The highest TC of these films is ~200 K for the seven-layer
FGT, but the authors show an emergence of RT ferromagnetism under femtosecond laser pulse
excitation as shown in Fig. 2.6. They also showed a dependence of the coercivity of the hysteresis
loops on laser power. FGT is a known Stoner ferromagnet,101 with perpendicular magnetic
anisotropy,101–103 therefore their magnetic anisotropy is directly proportional to the coercivity of
the loops. Since that coercivity changes with laser intensity, it is clear that the electronic states
near the Fermi energy, responsible for the magnetic anisotropy, are being modified by the laser
pulses.
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Through time-resolved Faraday rotation experiments, Zhang et al. have demonstrated
laser-induced magnetization dynamics in a Cr2Ge2Te6 nanoflake.85 Under ferromagnetic
resonance conditions, the angular dependence of spin precession dynamics was observed to give
rise to a perpendicular magnetic anisotropy.
Light can also induce changes in the interlayer spacing of magnetic topological insulator
MnBi8Te13.76 An outstanding feature of this magnetic topological insulator is the presence of a
hybridization gap between the surface conduction band (SCB) and the surface valence band (SVB)
which they showed to be tunable through pumped light. This pumping results in a change of the
interlayer interactions between the Bi2Te3 and the MnB2Te4 layers leading to an eventual filling of
the hybridization gap, providing a new path towards ultra-fast magnetic modulation of a magnetic
topological insulator. This is attributed to changes in the van der Waals forces that preside over
the interlayer interaction, which can be modulated by photocarriers. Calculations show that after
photoexcitation, electrons are excited to unoccupied energy states above the Fermi energy, thereby
reducing the population of carriers near the surface state, which increases the interlayer distance,
which results in a filling of the gap. Once again, we see the importance of photocarriers in
modulating the electronic properties of magnetic materials.
A recent and promising type of 2D materials are MXenes, with a general formula of
Mn+1XnTz where M is an early transition metal (Ti, V, Cr, Mo), X is carbon and/or nitrogen, and T
represents a surface termination such as -OH, -O or -F, and can vary in thicknesses of 3, 5 and 7
atomic layers depending on the value of n.25,40 These compounds have shown great potential
due to their large diversity of compositions and potential terminations,105 allowing for a wide range
of tunability of their physical properties, including emerging magnetic properties.88,104,106
Moreover, MXenes are stable under ambient conditions, which is a huge advantage over

20

conventional 2D magnets. It has been shown that compounds such as Ti3C2, Cr2C and Mo3N2F. A
large family of MXenes with different types of magnetic ordering has been predicted, which still
require further studies.104 A recent study by He et. al. predicts light mediated magnetic order
transitions from ferrimagnetic to ferromagnetic in 2D MXenes such as Cr2VC2F2, Mo2VC2F2,
Mo2VN2F2, Mo3C2F2, and Mo3N2F2.88 These materials are very promising, and these predictions
should guide future experiments to confirm them.
It has been predicted that light irradiation can cause changes in the structural parameters of
a material, leading a magnetic phase transition to occur in monolayer RuCl3.87 Calculations have
shown that the energy difference between its zigzag AFM and competing FM phase is
approximately 0.05 meV. In this case, it has been predicted that doped carriers can substantially
change the structure which can lead to a phase transition. In this case, hole and e-h doping favored
the FM phase; both itinerant electrons and localized magnetic moments contributed to the doping
induced FM.
2.2.2.2 van der Waals extrinsic magnets
Two dimensional dilute magnetic semiconductors have emerged as a promising alternative
to integrate extrinsic magnetic properties into atomically thin semiconductors. Recent work has
shown that the introduction of small quantities of transition metal atoms can induced long range
RT ferromagnetic order in TMDs.5–7,11 Charge doping has long been a technique used to modify
the magnetic properties of bulk magnetic semiconductors. In quantum confined 2D
semiconductors, optical doping is expected to be a viable way of tuning the magnetic interactions
of 2D magnetic semiconductors in a reversible manner. Yun et al. have shown that magnetism in
V-WSe2 monolayers can be enhanced/suppressed through electrostatic gating,6,46 showing the
potential for an analogue effect using light.
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2.2.2.3. van der Waals intrinsic magnetic heterostructures
Two-dimensional (2D) van der Waals materials, specifically transition metal
dichalcogenides (TMDs), are at the heart of many important device applications such as fieldeffect transistors, photodetectors, photon emitters, spintronics, valleytronics, and quantum
computers.39,55–65 Typical TMDs allow wide flexibility and integration with each other.13
Stacking TMDs creates novel heterostructures with atomically sharp interfaces and properties that
would otherwise be absent in their individual components.14–18,69,109,110 Recent studies have shown
that the magnetic or magneto-optical property of a non-magnetic TMD can be induced or enhanced
by stacking it with another magnetic TMD.14,16–21,111 This is a direct consequence of the so-called
magnetic proximity effect (MPE), due to which magnetization from a ferromagnetic material
penetrates into a neighboring non-magnetic material.17,22,23,111 Theoretical studies show that the
magnetization can be induced in a single layer of MoS2 when interfaced with the ferromagnetic
metal Ni19 or ferromagnetic TMD EuS.20 Recently, Zhao et al. experimentally demonstrated the
use of the magnetic exchange field (MEF) from the EuS substrate to enhance valley splitting in
monolayer WSe2.14 More recently, Seyler et al. optically manipulated the magnetization of the
ultrathin ferromagnetic insulator CrI3 to tune MEF over a range of 20 T, thus enabling valley
manipulation in the monolayer WSe2.18 While these studies place important steps toward optically
controlled valleytronics and quantum computation, MEF-related effects are only observed at low
temperature as both EuS and CrI3 are magnetically ordered well below 100 K.14,18,20
Zhong et. al. reported light control of spin and valley pseudo spin in monolayer WSe2/ultrathin CrI3 heterostructures.21 They showed that when the samples was cooled below the TC of CrI3
the valley degeneracy observed above TC was lifted. The observed valley splitting is independent
of light power; therefore, this effect is not carrier mediated but a result of strong magnetic exchange
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field between the CrI3 spins and WSe2 excitons. Subsequent work by Seyler et. al. demonstrated
the manipulation of the interfacial magnetic coupling of WS2/CrI3 heterostructures at 1.6 K.18 They
observed a light power dependent coercivity in the hysteresis of the circular polarization resolved
PL as shown in Fig. 2.7a. Measurements of power-dependent polarization (ρ) reveal a critical
power that flips the sign of the polarization (Fig. 2.7b), which shift to higher powers with
increasing magnetic field, consistent with the increase in coercivity. They report that valley
switching occurs for both circular and linear polarizations and attribute the valley switching effect
to light-mediated changes in the magnetization of CrI3 which manifest in the PL through changes
in the magnetic proximity effect. This is further confirmed by RMCD measurements (Fig. 2.7c,d)
which shows power dependent out-of-plane magnetization in the system.
Liu et. al. predicted light-mediated spin injection and phase transitions in 2D
semiconductors MX (M = In, Ga; X = S, Se) on CrI3 substrates.112 The majority spin channel in
this system has type II band alignment, which foments electron transfer from MX to CrI3 and hole
transfer from CrI3 under photoexcitation. Their calculations show that the increase in hole
concentration in the MX layer leads to increased magnetic moment up to 20 times the value without
photoexcitation as shown in Fig. 2.8. However, in free standing InSe the magnetic moment reaches
a maximum below that of the heterostructures, and upon further increase of hole concentration the
magnetic moment quenches. The dynamics of the charge transfer are further studied and are
attributed to direct tunneling (hopping) transfer.
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Figure 2.7: The polarization of WS2/CrI3 measured with circular polarization resolved PL, as a
function of magnetic field, for various light powers is shown in (a). (b) A map of the excitation
power dependence of the polarization as a function of magnetic field. (c) RMCD signal as a
function of magnetic field for varying light powers. (d) Magnetic field dependence of the RMCD
signal of one domain as the field sweeps up (orange curve) and down (green curve) for a 10 μW
light excitation power. Adapted from reference [1].

Figure 2.8: Calculations of (a) magnetic moment and (b) exchange energy as a function of hole
concentration for InSe and InSe/CrI3. The inset of (b) shows the spin densities of InSe/CrI3 for
hole concentrations of 0, 0.88, and 1.77 x 1014 cm-2.112
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2.2.2.4. van der Waals extrinsic magnetic heterostructures
The valley Zeeman effect has been well established in monolayer TMDs21,113–116 and their
heterostructures117 which allows us to access light-controlled valley-pseudospin. Heterostructures
of monolayer TMDs are particularly interesting due their type II band alignment which leads to
electrons and holes each separating to different layers, causing the electron doped layer to lift the
Fermi energy level past the spin-polarized upper conduction band.117 This effect manifests as
changes in the response of the spin and valley pseudo spin magnetic interactions. Effective
manipulation of the spin and valley-pseudospin generally requires an external magnetic field;
however, an alternative to this has been shown by studying the exciton-exciton interactions in this
system, instead of single excitons as previous work has done. Li et. al. showed that a WSe2/MoS2
heterostructure can a achieve valley-Zeeman splitting corresponding to a 6T magnetic field.62 They
showed that an imbalance in the exciton density can be generated optically, by exploiting the
optical selection rules of TMDs using circularly polarized light. This imbalance is laser power
dependent and can be obtained at laser powers as small as a few μW. They studied the power
dependence for both the WSe2 and MoSe2 resonances and found that the integrated intensities
increased with laser power and eventually saturated. This is attributed to an optically generated
exchange field which arises from the many exciton interactions, providing a new approach to
optically tune spin and valley interactions in TMDs.
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CHAPTER 3:
METHODS AND MATERIALS

In this chapter, we discuss the synthesis methods used to grow two dimensional materials
used in the studies discussed in chapters 4, 5 and 6. Molecular beam epitaxy (MBE) and chemical
vapor deposition (CVD) techniques were used to grow different two-dimensional TMD films and
their heterostructures. We briefly review each growth method and describe the growth process and
conditions for each sample. We describe the magnetometry techniques used to characterize the
magnetic properties of the samples and other dynamic magnetic measurements used to detect lightmediated magnetism. Finally, we discuss the details of the density functional theory (DFT)
calculations which were made for the different studies.
3.1 Synthesis
The materials used in the studies of this dissertation work were grown using two main
techniques: CVD and MBE. All materials were grown and provided by various collaborators in
the University of South Florida and at The Pennsylvania State University.
3.1.1 Chemical vapor deposition growth
Chemical vapor deposition is a technique of choice to grow two dimensional TMDs with
large uniform surfaces. This technique enables high tunability of the deposition rate and highquality surfaces. Our collaborators used this technique to grow the following samples:
Monolayer and bilayer MoS2 on SiO2: Monolayer (Bilayer) MoS2 was synthesized by a waterassisted CVD method,118 using solid precursor, MoS2 (99.9% Sigma-Aldrich) at atmospheric
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pressure. The MoS2 was placed in a ceramic boat and kept at the center of a 1-inch diameter
horizontal quartz tube furnace where the temperature was ramped to 1060 °C. Si substrates, with
a 300nm SiO2 layer, were placed downstream at temperature between 800 and 700 °C. After the
reaction with several heat treatment steps, the monolayer (bilayer) MoS2 film grown on SiO2.
These films were grown and provided by Dr. Humberto Rodriguez Gutierrez’s group at USF.
Pristine WS2 and V-doped WS2: The WS2 and 2 at.% V-doped WS2 monolayer films were
synthesized using a reliable single-step powder vaporization method. 0.05 g ammonium
metatungstate ((NH4)6H2W12O40 · xH2O, AMT) and 0.2 g sodium cholate (C24H39NaO5 · xH2O)
powders were dissolved in 10 ml water to form a tungsten precursor solution. 0.05g vanadyl sulfate
(VO[SO4]) powder were dissolved in 10mL deionized water to form vanadium precursor (1x10 -2
mol/L). The W and V with different concentrations were controlled to form solution-based cation
precursors. We drop casted the precursor solution onto a SiO2/Si substrate followed by spincoating for 1 min with 3000 rpm. The CVD process was carried out in a two-zone furnace with
sulfur powder (400 mg) heated upstream at low temperature (220 ℃, heated up using a heating
tape), and the cation precursor, spin-coated on the SiO2/Si substrates, at the high temperature
(825 ℃) zone. Ultrahigh purity argon was employed as the carrier gas. The furnace was then
allowed to cool to room temperature naturally after 15 min synthesis. A schematic of this CVDbased synthesis method is illustrated in Fig. 3.1. These films were grown and provided by Dr.
Mauricio Terrones’ group at The Pennsylvania State University. This process was reported in
reference [6].5
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Fig. 3.1: One-step synthesis of monolayer V-doped WS2.
Pristine WSe2 and V-doped WSe2: A deionized water solution of ammonium metatungstate
((NH4)6H2W12O40), vanadium oxide sulfate (VO[SO4], only for V-doped WSe2 samples), and
sodium cholate (C24H39NaO5) was spin-coated onto SiO2/Si substrates. The substrates were then
placed in a quartz tube, along with an alumina boat containing selenium powder located upstream.
With a mixture of Ar/H2 (10% H2) gas flushing at 80 sccm, the quartz tube was heated in a furnace
at 825 °C for 10 min. After the reaction, the system was left cooling down naturally to room
temperature. These details were reported in reference [7].7
3.1.2. Molecular beam epitaxy growth
MBE is a bottom-up growing technique based on the crystallization by condensation or
reaction of a vapor in ultra-high vacuum. This technique allows for monolayer scale control of the
growth conditions.119 Every MBE setup requires an ultrahigh vacuum environment, using localized
beams of atoms or molecules at which provides a source from which a surface grows on a heated
substrate, as shown in Fig. 3.2. MBE allows for high control of a sample’s properties by controlling
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several parameters such as flux rate, substrate temperature and source temperature.52 It also has
the advantage of allowing for built in characterization without having to remove the sample from
the high-vacuum environment, providing extremely clean, high-quality surfaces.

Figure 3.2: Top view of a conventional molecular beam epitaxy chamber. Adapted from
reference [119].
In this dissertation work, monolayer (1L)-VSe2 was grown on monolayer (1L) or bilayer
(2L)-MoS2/SiO2 films (these films were grown using CVD as described above) by e-beam
evaporation of V and simultaneous deposition of atomic Se from a hot wall Se-cracker source. 1LVSe2 was grown at a substrate temperature of 300 °C and at a slow growth rate of ~0.06 ML/min.
After characterization of the grown films by photoemission, the samples were transferred back
into the MBE growth chamber and capped with ~10 nm of Se by deposition of Se at room
temperature, similar to work.24 The 1L-VSe2/BSC-MoS2 film,1L-VSe2/SiO2 film, and 1LWS2/SiO2 film were also grown by the MBE for a comparative study. These films were grown and
provided by Dr. Matthias Batzill’s group at USF.
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3.2 Magnetic measurements
3.2.1. Vibrating sample magnetometry
Magnetic induction is perhaps one of the simplest detection methods, which exploits
Faraday’s law using a pickup coil to detect the induced voltage associated with a change in the
magnetic moment of a sample inside the coil97. Following Faraday’s law of induction, the
amplitude of the induced voltage is proportional to the magnetic flux density, giving us the transfer
function
𝑉 = −𝜇0 𝑛𝐴

𝑑𝐻
𝑑𝑡

.

(3.1)

where 𝑉 is the voltage generated in the coil, 𝜇0 is the permeability of free space, 𝑛 is the number
of turns in the coil, 𝐴 is the cross-sectional area of the coil and 𝐻 is the magnitude of the magnetic
field. In order to detect DC magnetic fields coil sensors can be made to oscillate to force a flux
density through them.120 Vibrating sample magnetometry (VSM) is a powerful tool for magnetic
characterization which operates in an inverse manner to conventional induction coil sensors, where
the sample vibrates instead of the coil. It exploits the simplicity of the inductive coil transfer
functions allowing for high precision determination of a sample’s bulk magnetization, making it
an instrument of choice for magnetic characterization. Magnetic field-dependent magnetization
measurements were carried out in a Physical Property Measurement System (PPMS) from
Quantum Design with a VSM over a temperature range of 5 – 350 K and fields up to 9 T.
3.2.2. Magneto-LC resonance magnetometry
The Magneto-LC Resonance method was first developed by Thiabgoh et al.121 Its design
is inspired by conventional magneto-inductive coils and the sensitivity of the giant magnetoimpedance (GMI) effect. The sensor is built from a Co-rich soft magnetic microwire which
exhibits very high GMI ratios and magnetic field sensitivity. The amorphous microwire was melt30

extracted and has a nominal composition of Co69.25Fe4.25Si13B12.5Nb1. The details of the fabrication
process and characterization are beyond the scope of this dissertation and can be found
elsewhere.122,123 The microwire has a diameter of ~ 60 μm and is wound into a 15 turn, 10 mm
long coil with a 5 mm internal diameter as shown in Fig. 3.3. The coil is mounted on a test fixture
made of a copper cladded dielectric material. The two ends of the coil are soldered into the inner
pin of SMA ports, through which a coaxial cable is connected and terminated with a 50 ohm
termination cap. The coil is then driven by a frequency in the MHz range, which has been
optimized for this study, and the impedance (Z), resistance (R), and reactance (X) is measured
using an HP 4191A impedance analyzer.

Figure 3.3: Image of the magnetic microwire coil sensor used in our studies.
The operating principle of this magnetic microwire coil (MMC) can be described using
lumped element circuit theory (Fig. 3.4). A simple model for a coil sensor is a lumped element
representation of a non-ideal inductor. Winding cylindrical conductors close to each other will
introduce parasitic elements 𝑅𝑝𝑎𝑟 and 𝐶𝑝𝑎𝑟 , such that the non-ideal inductor can be represented as
a series combination of an ideal inductor 𝐿 and 𝑅𝑝𝑎𝑟 , in parallel with 𝐶𝑝𝑎𝑟 .124,125 The impedance
of the coil 𝑍𝑐𝑜𝑖𝑙 can then be written as
𝑍𝑐𝑜𝑖𝑙 = 𝑍𝑅𝑝𝑎𝑡 + 𝑍𝐶𝑝𝑎𝑟
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(3.2)

𝑍𝑐𝑜𝑖𝑙 =

𝑍𝑐𝑜𝑖𝑙 =

1

(3.3)

1
1
+
𝑅𝑝𝑎𝑟 +𝑗𝜔𝐿 −𝑗/𝜔𝐶𝑝𝑎𝑟

2 ]
𝑅𝑝𝑎𝑟 +𝑗𝜔[𝐿(1−𝜔 2 𝐿𝐶𝑝𝑎𝑟 )−𝐶𝑝𝑎𝑟 𝑅𝑝𝑎𝑟
2

(1−𝜔2 𝐿𝐶𝑝𝑎𝑟 ) +(𝜔𝐶𝑝𝑎𝑟 𝑅𝑝𝑎𝑟 )

2

(3.4)

where 𝑍𝑐𝑜𝑖𝑙 is the impedance of the coil, 𝜔 is the angular frequency, and 𝑗 is the imaginary unit.
Resonance will occur when the inductive reactance (𝑋𝐿 ) and the capacitive reactance (𝑋𝐶 ) are
equal in magnitude but differ in phase by 180 degrees. When this occurs, very little current flows
through the wire, and the impedance of the coil becomes very large and self-resonance is achieved.
This resonance frequency is given by

𝑓0 =

2 𝐶
√1−(𝑅𝑝𝑎𝑟
𝑝𝑎𝑟 /𝐿)

(3.5)

2𝜋√𝐿𝐶𝑝𝑎𝑟

The reactance of the coil is of particular interest in order to use the coil to detect changes in the
magnetic permeability within its core. The impedance of the coil has the general form:
𝑍𝑐𝑜𝑖𝑙 = 𝑅 + 𝑗𝑋;

(3.6)

therefore, we can extract the reactance from the imaginary component of equation 3.4:
2 ]
𝜔[L(1−𝜔2 LC𝑝𝑎𝑟 )−𝐶par 𝑅𝑝𝑎𝑟

𝑋coil = (1−𝜔2L𝐶

2
2
𝑝𝑎𝑟 ) +(𝜔𝐶𝑝𝑎𝑟 𝑅𝑝𝑎𝑟 )

.

Z
0

V

Z

L

L

Transmission
line
Figure 3.4: Lumped element circuit model for magnetic microwire coil.
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(3.7)

Probing magnetism in atomically thin materials is extremely challenging when compared
to bulk systems.2,56 While techniques such as vibrating sample magnetometry (VSM) and
superconducting quantum interference devices (SQUID) are capable of measuring the magnetic
moment of these materials,24,59 measurements in real time while applying external stimuli is not
easily achievable. Methods that require electrical contact, such as transport measurements, have
an extra layer of difficulty since monolayer films often do not span the surface continuously and
the size of the electrical contacts are large compared to the surface area.126 Optical methods based
on the MOKE have proven very successful in thin films and have had a measure of success with
2D materials such as CrI3.2 However, local heating from high laser powers causes thermal
instability, which is a significant source of noise in these measurements. Therefore, cryogenic
temperatures are needed to reduce thermal and mechanical measurement noise, but for room
temperature, this is not an option. Despite this, optical measurements remain a powerful practice
that yield crucial insight into the spin dynamics of atomically thin materials.114,127 The
shortcomings of these techniques motivate the development of a new approach to measure 2D
magnetization in real time as external stimuli are applied.
In order to probe the light-induced magnetization of an atomically thin magnetic film, we
propose a new technique utilizing our recently developed magneto-LC resonance (MLCR) sensor
with ultrahigh magnetic field sensitivity (pT regime).121,128 The sensing element of this device is a
magnetic microwire wound into a coil driven with a frequency of 118 MHz, which is near the
coil’s LC resonance. The impedance of the coil is then measured with an HP 4191A impedance
analyzer, from which we extract the reactance of the coil. The setup is depicted in Fig. 3.5a. The
film is placed at the core of the coil and the reactance of the coil is measured. Equation 3.7 shows
that the reactance of the coil is strongly dependent on the induction through the coils core. Since
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the film is ferromagnetic, it will modify the relative permeability of the space within the coil, thus
changing the magnetic flux through the coil and consequently the reactance of the coil. As the
microwire itself is ferromagnetic, the magnetization of the film will also lead to a change in the
effective permeability of the microwire. Therefore, the reactance of the sensor depends on this
effective permeability, 𝑋 = 𝑋(𝜇𝑒𝑓𝑓 ). Changes in the permeability of the film upon light
illumination will influence the effective permeability of the coil, which can be accessed through
the change in its reactance, 𝑋 = 𝑋(𝜇𝑒𝑓𝑓 , 𝑙𝑎𝑠𝑒𝑟 𝑜𝑛) − 𝑋(𝜇𝑒𝑓𝑓 , 𝑙𝑎𝑠𝑒𝑟 𝑜𝑓𝑓).

Fig. 3.5: (a) An illustration of the measurement scheme for light-induced magnetization of the
magnetic 2D material; (b) a sketch showing the scheme to measure the field dependent resonance
frequency of the MMC.

A second mode of operation for the MMC was developed in the course of this dissertation
work, based on the detection of changes in the resonance frequency of the MMC when it
experiences an external magnetic field. The resonance frequency of the coil is given by equation
3.5, and it shows that the resonance frequency is dependent on the induction of the coil. We obtain
the resonance frequency by performing a frequency sweep between 1 – 201 MHz and finding the
frequency when the reactance becomes zero. At this point the coil is experiencing self-resonance.
We can also apply an external magnetic field, which shifts the resonance frequency. The setup
34

used for this measurement mode is shown in Fig 3.5b. In chapter 6, we explain in detail how we
can exploit this effect for magnetic field detection.
3.2.3 Magneto-optical Kerr effect (MOKE) Magnetometry
Longitudinal magneto-optical Kerr effect (L-MOKE) measurements were performed on
selected samples in this study by a home-designed L-MOKE spectroscopy (Fig. 3.6) by our
collaborator (Dr. Tho Nguyen’s group at UGA). A similar measurement system has recently been
successfully set up in our group at USF Physics.

Figure 3.6: Schematic illustration of the home-designed L-MOKE measurement system for
probing changes in the magnetism of the VSe2/MoS2 heterostructure while pumping it with tunable
laser energies at different wavelengths.
The sample was placed vertically between two poles of an electromagnet system (from
GMW) in such a way that the uniform magnetic field in the range of 0.8 T between the poles was
always parallel to the sample. For generating a continuous wavelength probe beam, a super-quite
xenon-ozone free arc lamp was used as a broad-band light source with an intensity noise typically
below 0.1% after an hour of operation. The light beam from the xenon lamp was first collimated,
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passed through a high resolution Cornerstone 260 1/4 m VIS-NIR monochromator, linearly
polarized in the horizontal direction by a high extinction polarizer (>105), and focused onto the
sample with an incident angle of 15°. To increase the signal-to-noise ratio in a visible region
several high-quality laser diodes at 405 nm, 450 nm, and 638 nm with the intensity noise of less
than 0.1% were used in addition to the xenon light source. The rotation angle of its linear
polarization via the light-matter interaction from the sample was determined by another high
extinction ratio linear analyzer that has the axis of polarization oriented 45° with the vertical
direction. Finally, the rotation signal was recorded by a Si detector using the photoelastic
modulation (PEM) technique (with 2.405 rad retardation setting) and phase sensitive detection
methodology (with a modulation frequency, f = 50 KHz from Hinds Instruments). The lenses were
used to focus and collimate the beam for improving the signal-to-noise ratio from the
measurement. In all measurement, the calibrated magnetic field was periodically scanned between
-7.5 kOe and +7.5 kOe with a field increment of 150 Oe. The signal-to-noise ratio of the LMOKE
measurement can be improved by the signal averaging to achieve an ultimate rotation angle
resolution of better than 5 µdeg. Similar LMOKE setup was used for probe light using laser diodes
(replace the xenon lamp and the monochromator). The rotation angle was calculated by =
V2f
√2
4J2 (2.405) VDC

, where two voltages, VDC, and V2f, are the intensities of the probe light and the

rotation signal, respectively, recorded by the lock-in amplifier and J is a Bessel function. Kerr
rotation is proportional to the magnetization of the reflecting surface.
3.3 Density functional theory calculations
The calculations for the MoS2/VSe2 heterostructure, performed by Dr. Khang Hoang at the
University of South Dakota, were based on density-functional theory using the Heyd-ScuseriaErnzerhof (HSE) hybrid functional,129 the projector augmented wave (PAW) method,130 and a
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plane-wave basis set as implemented in VASP.131 The screening length was set to the default value
of 10 Å, whereas the Hartree-Fock mixing parameter was set to 0.15 to match the experimental
band gap of 2H-MoS2 bilayer. The van de Waals correction was included using the DFT-D3
method.132 The plane-wave basis-set cutoff was set to 350 eV and spin polarization was included.
Defects were modeled using orthorhombic 5×3 (180-atom) supercells with at least 15 Å for the
vacuum region along the c-axis and integrations over the supercell Brillouin zone were carried out
using the Γ point. In all calculations, structural optimizations were performed with HSE and the
force threshold was chosen to be 0.02 eV/Å. Finite-supercell size effects on the formation energy
of charged defects were included, following the approach of Freysoldt and Neugebauer.133
The band structures of the pristine WS2 and V-doped WS2 monolayers were calculated
using Quantum Espresso code134 by Dr. Dinh Loc Duong at the Center for Integrated Nanostructure
Physics (CINAP) - Institute for Basic Science (IBS). Projector-augmented wave potentials were
used with a cut-off energy of 30 Ry.135 A 8x8x1 supercell, which corresponds to 1.6% of V atoms,
was used with a 3x3x1 k-point grid. The structures of WS2 and V-doped WS2 were optimized until
the convergence of force and energy is smaller than 0.0001 Ha and 0.001 (Ha/bohr), respectively,
without including spin-orbit coupling. The initial spin state was induced along z direction and the
total energy is optimized with 10-6 Ha of convergence including spin-orbit coupling. To describe
the strong correlation of the d electrons, the GGA+U method with U = 3 was used for the vanadium
atoms.
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CHAPTER 4:
LIGHT CONTROLLED MAGNETISM IN V-DOPED WS2 AND WSe2 MONOLAYERS1

In chapter 2, we reviewed the large body of work detailing light-mediated magnetism in a
large number of systems. It stood out that in semiconductors the introduction of charge carriers
can significantly modify their electronic structure. In magnetic semiconductors, this led to changes
in the magnetic interactions resulting in light-controlled magnetism. We also discussed the
emergence of room temperature ferromagnetism in this system with the introduction of vanadium
atoms through substitutional doping. Past calculations in V-WSe2 monolayers, showed that
electrostatic doping of these monolayers led to tunable magnetism.46 This experiment motivated
us to pursue a similar effect, utilizing optical doping instead. To study this, we chose V-WS2
monolayers with optimal 2 at% doping to explore light-mediated magnetism in two-dimensional
dilute magnetic semiconductors. Additional experiments were performed with V-WS2 with higher
doping concentrations, and with V-doped WSe2 monolayers.
4.1 Introduction
Dilute magnetic semiconductors (DMSs) offer an alternative path towards the realization
of cutting-edge spintronic devices.16,35–39 The use of light to control magnetism in these
semiconductors has the added advantage of being able to control both charge and spin
simultaneously, which supports the demands of multifunctional (smart) sensing devices, advanced
1

Portions of this chapter have been previously published [Ortiz Jimenez, V. et al. Light-Controlled Room
Temperature Ferromagnetism in Vanadium-Doped Tungsten Disulfide Semiconducting Monolayers. 2100030, 1–7
(2021).
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information storage, and quantum computing technologies.40–43 So far, it has been reported that a
carrier-mediated ferromagnetic interaction between the Mn ions in p-type (In,Mn)As/GaSb
semiconductor has been enhanced by the illumination of light through the generation of excess
holes in the (In,Mn)As layer.40 Unfortunately, this effect is limited to temperatures (< 50 K), well
below ambient temperature, while the most important technological applications are required to
operate at room temperature.44,45
It has recently been theoretically and experimentally shown that the introduction of a
magnetic transition metal atom into semiconducting two-dimensional (2D) TMD, such as V-doped
WSe2 and V-doped WS2, permits long-range ferromagnetic order that can be induced at room
temperature.5–7,11 Currently, the Ruderman–Kittel–Kasuya–Yosida (RKKY) mechanism is
believed to be responsible for the long-range ferromagnetic order in these TMD systems, where
free holes are the medium that support the interaction between V atoms.6,7,11 In particular, we have
recently demonstrated that p-type V-doped WS2 monolayers have strong and tunable room
temperature ferromagnetism.7 By replacing W, having six valence electrons, with V, having five
valence electrons, an electron deficiency is created in V-WS2 that eventually becomes a p-type
dominant semiconductor.
4.2 Electronic and magnetic properties of monolayer V-doped WS2
First principle calculations had predicted tunable magnetism in V-doped WS2
monolayers.136 Zhang et al. in collaboration with our group, reported successful single-step
synthesis of high-quality V-doped WS2 monolayers with doping concentrations up to 12 atomic
percent (at.%), through substitutional doping (Fig. 4.1a,b).5 We summarize their findings in this
subsection. The Raman spectra of this system is shown in Fig. 4.1c for varying vanadium doping
concentrations. Pristine WS2 shows a characteristic high intensity second order longitudinal
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acoustic mode (2LA(M)), which is heavily suppressed with increasing V dopant concentrations,
indicating significant changes of the electronic structure of WS2, driving the system out of
resonance. We also see the emergence of a defect-activated longitudinal acoustic mode (LA(M))
which points to lattice disorder caused by the V atoms. The PL spectra shows a strong PL peak at
1.97 eV for pristine WS2, corresponding to the A exciton. As the V concentration increases the
peak shifts towards lower energies, drops in intensity and broadens, which is likely due to
increasing lattice disorder. The dopant has a clear impact in the electronic structure of WS 2, as
evidenced by the changes in the Raman and PL spectra.

Figure 4.1: Characterization of V-doped WS2 monolayers. (a) Optical microscope image of Vdoped WS2 monolayers; (b) Schematic of the V-WS2 lattice, with a single vanadium atom
substituting a W atom; (c) Evolution of Raman spectra with varying V doping concentration; (d)
PL spectra for varying V doping concentration. Adapted from reference [6].
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Figure 4.2a-d shows the high-angle annular dark-field (HAADF)-STEM images of pristine
and V-doped WS2 at varying concentrations. The images show low dopant aggregation, even up
to 12 at.% vanadium, showing the quality of the synthesis process. In samples with V
concentrations of 8 at% and above, the sulfur vacancies were more likely to couple to V atoms.
Magnetic measurements show weak room temperature ferromagnetism in pristine WS2, likely due
to uncoordinated sulfur atoms at the edges of the monolayers (Fig. 4.2e). With the introduction of
V dopants, the magnetic moment significantly increases, reaching a maximum value at 2 at.%
doping, as shown in Fig. 4.2f,g. Further increase of V concentration results in a weaker magnetic
response as shown in Fig. 4.2h for 8 at% doping concentration. Additional details of the
characterization and magnetic properties of V-doped WS2 monolayers can be found in reference
[5].5
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magnetic 2D DMS allows us to modify its magneto-electronic properties with external stimuli,
like a magnetic field, an electric field, or as we show in this chapter, with light. The coexistence
of magnetic and semiconducting properties leads us to propose that the ferromagnetism in the VWS2 monolayer can be mediated by illumination with a laser of appropriate energy, that is, above
the optical gap, which is ~1.85 eV for 2 at.% V-WS2. Electrons from photogenerated electron-hole
pairs may be captured by the V atoms, thus creating an imbalance in the carrier population (i.e.,
the generation of excess holes) such that the ferromagnetism of the monolayer is modified (Fig.
4.3). While p-type (In,Mn)As/GaSb showed light-mediated ferromagnetism at temperatures below
50 K,40 in this chapter we demonstrate that light controls the ferromagnetism at ambient
temperature in an atomically thin p-type V-WS2 semiconductor. The light mediated changes of the
magnetization in 2D semiconducting materials, will certainly lead to novel applications in
spintronic devices that have not been yet realized.

Figure 4.3: A sketch showing photon absorption generating a hole-electron pair in a dilute
magnetic semiconducting film like V-doped TMD.
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4.3 Results and discussion
4.3.1 Light mediated magnetism in V-WS2 monolayers
Due to the presence of defects and edge effects in WS2 monolayers, a small magnetic
moment may be present in these “pristine” films. Therefore, we first examined whether
photogenerated electron-hole pairs have any effect on the magnetization of the film. Figure 4.4a
shows the signal obtained from a WS2 monolayer film with and without laser excitation. In this
figure, a small change in the signal, likely due to thermal fluctuations in the film, can be seen.
Next, we performed the measurement on the 2 at.% V-doped WS2 monolayer (Fig. 4.4b), where
we observe a large change in reactance (magnetic permeability or magnetization) upon
illumination with the same laser. The excitation wavelength is  = 650 nm (h = 1.91 eV) with the
power of 5.1 mW/cm2 at the sample surface. The laser was operated for several minutes during
these measurements, which were carried out at room temperature. Figure 4.4c shows the real time
jump in magnetization in V-WS2 monolayers. It is important to note that the increase in
magnetization occurs over a period of several seconds, taking over two minutes to finally saturate
for any one given power. This points towards a cumulative effect that is not limited to the magnetic
moment of the area under illumination. We suspect that operation principle of the sensor can have
a significant impact in the dynamics of the observed effect. Since an ac current is driving the coil,
an ac magnetic field is generated inside the coil, which we use to probe the change in permeability
of the sample. This is a dynamic measurement which may prolong the photocarrier-spin dynamics
that occur during illumination, leading to the observed delay between excitation and saturation of
the magnetic moment at a given laser intensity. Since prolonged laser exposure may heat up the
magnetic coil and hence change the magnetic properties, coil heating effects due to laser exposure
have also been studied.
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Figure 4.4: The change in reactance upon illumination with a 650 nm laser for (a) WS2 and (b) VWS2 as measured by the microwire coil sensor. The change in reactance is proportional to the
change in magnetization. A negligible change in magnetization is observed in pristine WS 2 while
a significant change in magnetization was measured on the V-doped WS2 monolayer; (c) Shows
the real time measurement of V-WS2 under laser illumination, showing the gradual increase of the
reactance as the laser is turned on, and remains in until the magnetization is saturated, and the
reactance becomes constant.
As shown in Fig. 4.5, the dot laser, which covers only a small area of the coil (0.11 cm2),
has a negligible effect on the magnetism of the coil. These findings indicate that the observed
enhancement of the magnetization/permeability from the experimental setup, i.e. illuminated VWS2 monolayer (Fig. 4.4b) within the coil, is not due to a laser/sample heating effect but originates

44

from carrier-mediated ferromagnetism, similar to the case of a p-type (In,Mn)As/GaSb
semiconductor.33

Figure 4.5: Background signal from the magnetic microwire coil showing the “dot” laser has little
to no effect in the coil’s reactance. We determined that if laser powers are kept within a few mW,
no considerable heating effect is introduced into the measurements.
As shown in Fig. 4.6, measurements on the same V-WS2 sample were performed weeks
apart to demonstrate that we can reproduce the change in magnetization and confirm the
reversibility and reproducibility of this effect. Measured magnetic hysteresis (M-H) loops at room
temperature before and after illumination also confirm that the process is reversible (Fig. 4.7).
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Figure 4.6: Measurements of light-controlled magnetism performed weeks apart on the same VWS2 sample, showing that the effect can be reproduced with little degradation of the signal.

Figure 4.7: Magnetic hysteresis loops of the V-WS2 monolayer before and after laser irradiation
of 5.1 mW/cm2 at a wavelength of 650 nm.
It is worth mentioning that upon light illumination with comparable laser powers, the
magnetization change in the illuminated (In,Mn)As/GaSb film ( = 685 nm, 6 mW/cm2) was only
observed below 50 K, while enhanced magnetization is achieved at room temperature for the
illuminated V-WS2 monolayer ( = 650 nm, 5.1 mW/cm2). This striking difference makes this
atomically thin ferromagnetic semiconductor a promising candidate for use in light-controlled
spintronics and other multifunctional nanodevices. The semiconducting nature of V-WS2
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facilitates incorporation to current silicon-based technology and provides a platform for
optoelectronic phenomena; combined with its FM properties we obtain a unique way to manipulate
the spin states in the material by illuminating it with light.

Figure 4.8: The dependence of the change in reactance (∆X) on illumination area is shown in
(a,b); (c,d) shows the dependence of ∆X on light intensity and photon concentration for two
different illumination areas. All measurements shown were made using a 650 nm light sources,
labeled “dot” and “target” lasers with illumination areas 0.11 cm2 and 0.41cm2, respectively. We
observed a similar trend for both lasers in which increasing light intensity (and photon
concentration) results in an increase in magnetization, until it reaches a critical photon
concentration at which saturation begins. Notably, a smaller photon concentration (~2.7 x 1012
photons/cm2/s) is required to begin saturation using the “target” laser than with the “dot” laser
(~3.1 x 1012 photons/cm2/s).
It is of interest to determine how an increase in illumination area of the sample would affect
the permeability/magnetization, so we illuminated the film with two different 650 nm lasers,
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labeled ‘dot’ and ‘target’ lasers, with 0.11 cm2 and 0.41 cm2 coverage areas, respectively. The two
lasers have different spot sizes, but the same light intensity of 4.2 mW/cm2.
In Fig. 4.8a,b it is observed that increasing the coverage area increases the change in
magnetization. Finally, we sought to determine the light intensity dependence of the change in
magnetization. In Fig. 4.8c,d we demonstrate this for the two 650 nm lasers, both of which show
a similar trend. Initially, we see a sharp increase in magnetization with increasing light intensity,
and at higher laser intensities the change in magnetization begins to saturate. Since higher laser
powers bring about a considerable heating effect, which may damage the coil or the sample, in this
study we restricted the laser intensity below 6 mW/cm2 for light-induced magnetization
experiments. Photon concentration was calculated as a function of laser intensity, for each laser,
using the relation E = nhν (where E is the energy and ν is the frequency, n is the photon-generated
carrier concentration, and h is Planck's constant), assuming 2% absorption in the V-WS2 layer137
and assuming that only 1% of the electrons/holes created do not immediately recombine. We
observe that by increasing the illumination area, a smaller photon concentration, compared to the
“dot” laser, is required to achieve a change on magnetization. A smaller photon concentration is
also necessary to achieve the saturation feature; using the “dot laser” a concentration of ~3.1 x 1012
photons/cm2/s is necessary to approach saturation, while using the “target laser” saturation starts
around ~2.7 x 1012 photons/cm2/s. This points to a long-range cumulative effect in which the
enhanced magnetic moments in the illuminated area may couple with the moments surrounding it.
This could also be related to the inhomogeneity of the doping concentration through different
monolayer islands in the film. Increasing the area of illumination may magnetically modulate
different islands which can interact more strongly than they do in the case of the smaller spot size.
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Figure 4.9: (a) The change in reactance upon illumination with a 650 nm laser for 8at.% V-WS2
monolayers; (b) The change in reactance upon illumination with a 520 nm laser for 2at.% V-WS2.
These results confirm that light mediated magnetism is hindered by higher doping concentrations
of V dopants and that the effect is reproducible with higher energy light.
To highlight the importance of both the magnetic and semiconducting properties of V-WS2,
we tested samples with a higher doping concentration. As shown in Fig. 4.1d, the PL intensity is
largely suppressed for 8at.% V-WS2 and the magnetic moment becomes quenched (Fig. 4.2h). In
this case, we expect to see a reduced response of the magnetization to light illumination. Figure
4.9a shows the response of the magnetization to a 650 nm laser illumination. An increase in the
magnetization is observed, however, it is about 50% less than that obtained in 2at.% V-WS2.
Furthermore, in order to prove the underlying principle, that this effect is mediated be excited
photocarriers, we also performed light-mediated magnetism experiments using a 520 nm laser
instead, on the optimal 2at.% V-WS2 sample. Note that the energy is even higher above the
bandgap, and we should expect to see comparable results. The laser intensity used is comparable
to that used with the 650 nm laser. Indeed, we observed enhanced magnetization under light
illumination of  = 520 nm, as shown in Fig. 4.9b. This confirms that this effect is reproducible
with different laser energies.
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To elaborate on these findings, the band structures of the WS2 and V-WS2 monolayers were
investigated by density functional theory (DFT) calculations and the results are shown in Fig. 4.10.
In order to establish the change of the WS2 band structure by a V atom, the valence band edge was
used as the reference. The V atom induces two empty doping states: one is below the conduction
band and the other is on the top of the valence band. These two doping bands are flat and localized,
implying a weak interaction with W and S atoms. The latter atom plays the role of electron
acceptor, where it accepts thermally excited electrons from the valence band and manifests the ptype characteristic of the V-WS2 monolayer.5 In addition, there are two strong hybridization bands
between the V and W atoms, which induce approximately 1µB of the magnetic moment in the VWS2 monolayer. The energy of the ferromagnetic state is 0.24 eV, which is lower than that of the
no-spin state. Similar hybridization bands have been reported in monolayers of V-doped WSe2,6,11
which also shows a lowering of the energy of a FM state with Curie temperature above room
temperature (RT). This points to V-doped WSe2 monolayers as another candidate for light
mediated magnetism.
Generally, two main factors have been suggested to influence the magnetic moment of a
DMS upon light illumination:138–142 (i) the population of the free excited carries in the conduction
and valence bands,140 and (ii) the localized excited carriers trapped by magnetic doping states in
the band gap of the host material.138 The former effect is usually dominant in lightly doped samples
(e.g. 1.1% of Mn in GaAs140), whereas the latter becomes significant in heavily doped samples
(e.g. 10% of Mn in CdSe and HgTe),138,139 in which the dopants form a new band inside the gap
of the host. Due to its single layer limit and V concentration of approximately 2%, both free and
localized excited carriers are expected to mediate the magnetization in the V-WS2 film when
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illuminated with an appropriate power laser. Figure 4.11a shows the distribution of the magnetic
moments under varying carrier populations.

Figure 4.10: The band structure of pristine WS2 and V-doped WS2 were determined by density
functional theory calculations. The presence of an acceptor state at the top of the valence band
indicates the p-type characteristic of V-WS2 monolayers.

Increasing the concentration of holes results in a more robust magnetic moment across the lattice,
where W atoms far from the V site show an enhanced magnetic moment. Since long-range
ferromagnetic interactions are mediated by free holes in V-WS2 and similar systems it is not
surprising that optically injecting hole-carriers will lead to enhanced ferromagnetism. The
evolution of the band structure is calculated under different carrier concentrations, as shown in
Fig. 4.11b. We find that while the Fermi level is shifted deeper inside the valence band with hole
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Figure 4.11: (a) The projected magnetic moment along the c-axis in the case of an injection of
one hole and one electron; (b) the band structure of the V-doped WS2 monolayer with different
doping carrier densities; and (c) the exchange energy and net magnetic moments of the V-doped
WS2 monolayer with different carrier doping densities. Net magnetic moment increases with
increasing hole concentration, consistent with experimental results. A saturation feature is also
present at higher hole concentrations, confirming what we observed experimentally.
injection, it is shifted toward the conduction band edge with electron injection. The evolution of
the exchange energy is also calculated, the result of which is presented in Fig. 4.11c. The exchange
energy becomes stronger with increasing hole concentration, so the magnetic moment must also
change as the carrier concentration varies. Indeed, we observe an increase in the magnetic moment
with increasing hole concentration (Fig. 4.11c). This is consistent with our experimental findings
(Fig. 4.8c,d), where a higher light intensity resulted in a larger hole concentration and consequently
an increased magnetic moment. At large hole concentrations the magnetic moment saturates,
confirming the saturation feature we observed experimentally (Fig. 4.8c,d). This is also consistent
with another report,46 in which hole injection into a V-WSe2 monolayers increase the magnetic
moment which also saturates at high hole concentrations due to screening of the charge carriers.
52

We should note that both electrons and holes are populated in experiments whereas the simulation
considers the separated effect for each type of carriers. It is interesting to consider how different
V doping concentrations on WS2 will influence the light mediated magnetism effect. We have
established that it is necessary for both magnetic and semiconducting properties to coexist,
therefore higher doping concentrations are unlikely to show this effect since their semiconducting
qualities are strongly suppressed. On the other hand, lower doping concentrations are very
interesting to study, since semiconducting properties are enhanced but the magnetic moment is
smaller compared to the optimal 2 at.% samples. Further studies are necessary to understand the
relation between doping concentration and light enhanced magnetism.
4.3.2 Light mediated magnetism in V-WSe2 monolayers
We have shown so far that the semiconducting properties of the 2D V-WS2 dilute magnetic
semiconductor allows us to tune its magnetic properties with light. It stands to reason that this
effect is not limited to this system, but other similar 2D DMSs should also show this effect. Earlier,
we identified V-WSe2 as another potential system we expect to show light mediated magnetism.
Tunable room-temperature ferromagnetism in V-WSe2, with varying doping concentrations was
previously reported.7 We summarize the more relevant results in Fig. 4.12, where we show the PL
spectrum of pristine and 4at.% V-WSe2 and the magnetic hysteresis loop of 4at.% V-WSe2 at room
temperature. Our previous work7 shows that magnetic properties at room temperature are optimal
for the 4 at.% doping concentration; therefore, we chose this sample to perform light-mediated
magnetism measurements.
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Figure 4.12: (a) PL spectra of pristine WSe2 and 4 at.% V-WSe2; (b) The magnetic loop of 4 at.%
V-WSe2 at room temperature; inset of (b) shows the HAADF-STEM image of V-WSe2. 4 at.% VWSe2 shows strong room temperature ferromagnetism and an optical gap of ~1.72 eV.
We demonstrate that V-WSe2 monolayers exhibit light mediated ferromagnetism, and even
follows a similar light intensity dependence trend as V-WS2, as shown in Fig. 4.13a,b respectively.
One difference we observed was that we couldn’t achieve saturation with the highest laser intensity
available. This may point to interesting spin dynamics, different than those in V-WS2; therefore,
in order to understand them, DFT calculations were performed for this system. Figure 4.13c shows
the distribution of the magnetic moment with an injected hole. An interesting characteristic of VWSe2 is that the vanadium atom couples antiferromagnetically to the nearest W sites, and
ferromagnetically to the distant tungsten sites. The introduction of charge carriers mediates this
interaction, where increasing hole carriers results in enhanced magnetic moment at the V site.
Additionally, the magnetic moment at the near W sites, flips from antiferromagnetic to weakly
ferromagnetic, which combined with the increasing magnetic moment at the V site, results in
enhanced long-range ferromagnetism. On the other hand, electron doping severely reduces the
magnetic moment of the V and distant W sites, shunting long-range ferromagnetic order (Fig.
4.13d). Further details regarding these calculations have been published in reference.46 What

54

stands out in this system, is the antiferromagnetic coupling between V and near W sites we
previously discussed, and we believe it may be responsible for the lack of saturation of the
magnetic moment at the higher laser intensity.

Figure 4.13: (a) The change in reactance upon illumination with a 650 nm laser for 4 at.% V-WSe2;

(b) the laser intensity dependence of the change in reactance (∆X) of V-WSe2; (c) projection of
the magnetic moment in the z-axis upon the injection of a single hole; (d) net magnetic moments
of the V-doped WSe2 monolayer with different carrier doping densities. Similar to V-WS2,
increasing hole concentrations results in increased magnetic moment.46
Finally, we repeated the measurements using a 520 nm laser (Fig. 4.14), and observed
enhanced magnetization as expected, confirming that light enhanced magnetization can be
obtained with any wavelength above the optical gap.
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Figure 4.14: (a) Change in reactance upon illumination with a 785 nm laser, increasing the power output
from 0 to 20 W; (b) the change in reactance upon illumination with a 520 nm laser for 8 at.% V-

WSe2.
4.4 Conclusion
In summary, we have demonstrated that magnetism can be tuned with light in V-doped
WS2 monolayers, by varying the light intensity or by changing the illumination area. As the film
is illuminated, the absorbed photons generate electron-hole pairs and the electrons are captured by
the electron deficient V sites, which generate an imbalance in the carrier population and, hence, a
change in magnetic moment. We have shown that the carrier concentration can be tuned by
changing the light intensity, allowing control over the magnetic moment of the film. Density
functional calculations confirm that the magnetic moment of the V-WS2 monolayer can be
enhanced by increasing the hole concentration. Enhanced hole concentration is seemingly
achieved with any wavelength above the optical gap. Similar behavior is observed in V-WSe2
monolayers, which also show enhanced magnetization under light illumination, with energies
above the optical gap. All of this is achieved at room temperature which has been a key obstacle
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to applied 2D spintronics. These findings highlight the potential for cutting-edge applications of
2D DMS and other atomically thin magnetic semiconductors.
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CHAPTER 5:
LIGHT-CONTROLLED ROOM TEMPERATURE FERROMAGNETISM IN TWODIMENSIONAL VANADIUM DISELENIDE HETEROSTRUCTURES

In chapter 4, we discussed our experimental findings of light mediated magnetism in a 2D
dilute magnetic semiconductor V-WS2. We found that charge carriers are responsible for
mediating magnetic interactions and can enhance long-range magnetic order. Dilute magnetic
semiconductors have proven to be a viable alternative to achieve 2D magnetism at room
temperature, but the magnetic moment is rather small compared to other intrinsic 2D magnets,
hence light mediated magnetism in these systems may inevitably offer limited tunability. An
alternative approach lies in exploiting the magnetic proximity effect in two-dimensional
heterostructures composed of a non-magnetic semiconductor and a strong magnet. In 2018, our
group and collaborators discovered that monolayer VSe2 shows strong room-temperature
ferromagnetism.24 When grown into a VSe2/MoS2 heterostructure, we can expect the magnetic
properties of the VSe2 layer to penetrate into the neighboring MoS2 layer, which is a
semiconductor. This, combined with the opportunity of charge separation at the interface, is
expected to lead to interesting charge dynamics upon optical doping. In this chapter, we will
discuss light-mediated magnetism in a VSe2/MoS2 heterostructure (briefly also for the VSe2/WS2
heterostructure), highlighting the role of interfacial and confinement effects unique to 2D magnetic
heterostructures.
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5.1 Introduction
Because of their great potential in modern electronics and nanodevices, MoS2 and its
heterostructures have been extensively studied.17,24,143–149 Monolayer or bilayer MoS2 has been
reported to show a strong photon absorption around 600–700 nm.25 This 2D semiconductor thus
becomes an ideal candidate for van der Waals spintronics and valleytronics applications contingent
upon room temperature ferromagnetism and simple manipulation by external stimuli (e.g., light,
electrical field, strain, etc.). Unfortunately, MoS2 is diamagnetic in the bulk form24,26 and only
exhibits weak defect-induced magnetism at the 2D limit.27,28 Because of this, continuous efforts
have been made to enhance the magnetization of 2D MoS2 by incorporating magnetic ions (Ni, Fe,
Co, Cr) or annealing it under different atmospheres although with limited success.29–34,150
While chemical doping could increase the magnetization of the 2D MoS2, this process
could significantly degrade the semiconducting nature of the material, leading to the strong
suppression of the PL peak. An alternative approach to enhancing the magnetization of the 2D
MoS2 while preserving its excellent optical characteristic is through interfacing it with another
ferromagnet that magnetizes the MoS2 layer via the magnetic proximity effect (MPE). It has been
theoretically shown that the magnetization can be induced in single layer MoS 2 when interfacing
it with a ferromagnetic semiconductor EuS.20 The magnetic exchange field (MEF) from the
ferromagnetic EuS substrate has been used to greatly enhance valley splitting in monolayer
WSe2.151 However, the MEF-related effects are restricted to occur low temperature, as EuS orders
magnetically well below 100 K.
In this regard, the MEF of the metallic monolayer VSe2, which has recently been reported
by us24 and other groups152–155 to show ferromagnetic ordering above room temperature (RT), may
provide a promising alternative to manipulate the magneto-optical and valleytronic properties of
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MoS2. To realize this, we designed and fabricated a novel van der Waals vertically stacked
heterostructure consisting of monolayer (ML) VSe2 and bilayer (BL) MoS2 grown on SiO2
substrate by combining molecular beam epitaxy (MBE) and chemical vapor deposition (CVD),
respectively. Vibrating sample magnetometry (VSM) evidences RT ferromagnetism in the
VSe2/MoS2 heterostructure that we ascribe to an enhancement of the magnetization of the MoS2
layer in the presence of VSe2. Magneto-LC resonance (MLCR) experiments demonstrate the
enhancement and tunability of ferromagnetism at RT in the 1L-VSe2/2L- um MoS2 heterostructure
when exposed to light. The light enhancement of the magnetization in the 1L-VSe2/2L-MoS2
heterostructure is about four times greater than in the 1L-VSe2/bulk single crystal (BSC) MoS2
system while the effect is absent in individual bilayer MoS2 and monolayer VSe2 on SiO2
substrates. The light-mediated magnetism originates from photon absorption in the MoS2 layer
that generates electron-hole pairs that are subsequently separated at the VSe2/MoS2 heterointerface.
5.2 Materials and methods
5.2.1 Synthesis and structural characterization
Selenium-caped Se/1L-VSe2/2L-MoS2/SiO2 (denoted as 1L-VSe2/2L-MoS2, where 1L and
2L are single layer and bilayer, respectively) and Se/1L-VSe2/BSC-MoS2 (denoted as 1LVSe2/BSC-MoS2) multilayered films were fabricated by combined CVD and MBE, the details of
which we addressed in Chapter 3. As a control, MoS2 bilayer and VSe2 monolayer films were also
grown individually on SiO2 substrates using CVD and MBE, respectively. A schematic atomic
structure of the 1T-VSe2/2H-MoS2 heterostructure and the experimentally designed structure of
the Se/VSe2/MoS2/SiO2 film are depicted in Figs. 5.1a and b, respectively. An optical microscopy
image shows the CVD-grown bilayer MoS2 on SiO2 substrate (Fig. 5.1c). A scanning tunneling
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microscope (STM) image shows the MBE grown monolayer VSe2 on a MoS2 (bulk single crystal)
substrate (Fig. 5.1d). X-ray photoelectron spectroscopy (XPS) confirms the MBE growth of the
monolayer VSe2 on the bilayer MoS2 (Fig. 5.2). After this characterization, the film was capped
with a ~10 nm Se-layer in the same MBE growth chamber. The film was then placed in a vacuum
transferring tube that was filled with Ar. The Se-capping layer protects the sample from oxidization
when exposed to air for ex situ (magnetic and other) measurements.

Figure 5.1: (a) Schematic atomic structure of the 1T-VSe2/2H-MoS2 heterostructure; (b) the
Se/1L-VSe2/2L-MoS2/SiO2 multilayered film fabricated by combined CVD and MBE; (c) an
optical microscopy image of the bilayer film MoS2 on SiO2 substrate; and (d) an STM image of
the monolayer film VSe2 grown on MoS2 single crystal substrate (for reference).
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Figure 5.2: 1L-VSe2/2L-MoS2 films grown on SiO2 substrates characterized by XPS. XPS data
for (a) V 2p, (b) Se 3d, (c) Mo 3d, and (d) S 2p before and after VSe2 deposition. Represented by
dashed lines are the overlapping peaks of S 2s and Se 3p in the regions of Mo 3d and S 2p,
respectively.
5.2.2 Magnetic characterization
To characterize the magnetic properties of the 1L-VSe2/2L-MoS2 heterostructure, VSM
measurements were performed. Figure 5.3a and its inset show a clear magnetic hysteresis loop
M(H) at 300 K that confirms RT ferromagnetic ordering in this heterostructure. This is consistent
with our previous observation of RT ferromagnetism in monolayers of VSe2 grown on both
graphite (HOPG) and MoS2 bulk substrates.24 Although there is an ongoing debate on the origin
of the observed ferromagnetism in VSe2 monolayers,24,68,80,118,154–159 recent studies have suggested
both intrinsic and extrinsic sources of magnetism in these films.153,157,159 While decoupling
intrinsic magnetism from defect-induced (extrinsic) magnetism is a challenging task, the latter
contributes more dominantly to the magnetism of this 2D system.153,157,159 Because bulk MoS2
exhibits, in addition to its diamagnetic background, a relatively weak ferromagnetic ordering at
RT likely due to defects, its magnetism and interfacial coupling with the VSe2 layer are expected
to enhance the overall magnetization of the VSe2/MoS2 system as compared to the VSe2/HOPG
system in which HOPG is purely diamagnetic.24 In an effort to quantify the magnetic contributions
from the monolayer VSe2 and the bilayer MoS2 to the net magnetization of the 1L-VSe2/2L-MoS2
film, we have studied the magnetic properties of a 2L-MoS2 film grown on SiO2 (Fig. 5.3b and its
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inset) as well as a 1L-VSe2 film grown on SiO2 (Fig. 5.3c). Compared to single crystal (bulk) MoS2
(MS ~ 0.25×10-5 emu/cm2),24 we have observed an enhanced magnetization (MS ~ 0.22×10-4
emu/cm2) in the 2L-MoS2 film (inset of Fig. 5.3b). We also observe a clear enhancement of the
magnetization of the 1L-VSe2/2L-MoS2 (MS ~ 0.75×10-5 emu/cm2) compared to 1L-VSe2 grown
on SiO2 (MS ~ 0.41×10-5 emu/cm2).

Figure 5.3: M-H loops of (a) the 1L-VSe2/2L-MoS2 film with an inset showing the enlarged lowfield M-H loop and (b) the 2L-MoS2 film on SiO2 substrate with inset showing the M-H loop after
diamagnetic subtraction. (c) The SiO2 substrate shows a diamagnetic signal, as expected. (c) The
monolayer VSe2 film grown on SiO2 shows a clear ferromagnetic loop without diamagnetic
subtraction from the SiO2 substrate.
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5.3 Results and discussion
Our study on V-doped WS2 (V-WS2) and V-WSe2 monolayers has demonstrated the
potential for light-mediated magnetism in 2D dilute magnetic semiconductors.95 In this system,
magnetic and semiconducting properties coexist giving rise to magneto-optical properties5 that
give access to the rich electronic properties of 2D semiconductors, which, in turn, allow tunability
of the magnetization. These findings signal that a similar phenomenon may be observed in a 2D
ferromagnet/semiconductor heterostructure such as VSe2/MoS2. An interesting feature of the
VSe2/MoS2 heterostructure is the presence of strong interfacial coupling and the possibility of
charge transfer between the two layers, which may play a key role in mediating the magnetization
of the film. Bilayer MoS2 shows a strong photon absorption peak around 600–700 nm160 and by
illuminating the VSe2/MoS2 film with energy close to the peak we expect considerable
photogeneration of electron-hole pairs. The pairs may be separated through the electric field at the
heterointerface, which leads to the observed tunable magnetism in the film.161
In this study, we used the magneto-LC resonance (MLCR) technique recently developed
by us,95 which employs a soft magnetic microwire coil, to probe the magnetic permeability of the
samples at room temperature as we illuminate them with a diode laser of wavelength ~650 nm (h
~ 1.91 eV). Further details of this method were discussed in Chapter 3. Changes in magnetization
of the sample are monitored through the changes in inductance of the coil (L), which is
proportional to its reactance (X = XLaser ON – XLaser OFF). As seen in Fig. 5.3b, 2L-MoS2 shows
weak (probably defect-induced) magnetic moment. Therefore, it is important to study if
photogeneration has any effect on its magnetization. We first illuminated 2L-MoS2 grown on SiO2
with a 650 nm light source and monitored its magnetization (through the change in reactance of
the coil). Figure 5.4a shows the response of 2L-MoS2/SiO2 to the 650 nm excitation. No significant
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changes to the magnetization of the film nor any dependence on the intensity of the light were
observed, likely due to ultrafast recombination of photogenerated electron-hole pairs.80,95,162 Next,
we studied the light intensity dependence of the magnetization of 1L-VSe2/SiO2 (Fig. 5.4b) and
observed a similar null response. However, when we illuminated the 1L-VSe2/2L-MoS2 film we
observed a significant increase in its magnetization (Fig. 5.4c). Note that this effect is not observed
on the layers individually; only when they are stacked together, we observe light-dependent
magnetization.

Figure 5.4: The reactance (X) vs. time upon illumination with a 650-nm laser with various
intensities for (a) the 2L-MoS2 film on SiO2, (b) for the 1L-VSe2, and (c) for the 1L-VSe2/2LMoS2 film. (d) Laser intensity dependence of the reactance change (X) for the 1L-VSe2/2L-MoS2
film.
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Figure 5.4d shows the change in magnetization of the 1L-VSe2/2L-MoS2 film as a function
of light intensity. We observed an initial jump in the magnetization with increased laser power,
which seems to saturate with higher laser powers. A similar trend was previously observed in Vdoped WS2 monolayers95 and in a CH3NH3PbI3/LSMO heterostructure78 although higher laser
powers are yet to be explored. The enhancement and tunability of light-mediated ferromagnetism
in the 1L-VSe2/2L-MoS2 film were independently confirmed by the pump-probe magneto-optic
Kerr effect (MOKE) technique, as shown in Fig. 5.5. The details of this technique are described in
Chapter 3. A similar trend is also seen for the laser power/intensity-dependent magnetization. In
addition, the noticeable increase in coercivity with laser power/intensity was observed.

Figure 5.5: (a) L-MOKE loops of the 1L-VSe2/2L-MoS2 film illuminated with light at an
excitation wavelength of 638 nm for two different powers; (b) Pump power dependence of
remanent magnetization deduced from the L-MOKE loops for the 1L-VSe2/2L-MoS2 film. Inset
of (b) shows the laser power dependence of coercive field HC for the same sample. The dash line
is a guide to the eyes.

Concerns over heating affecting the magnetic properties of the films limit laser power at
this time and further experiments should be performed to explore the extent of the dependence of
the magnetization of the film on laser power. To confirm our results, we repeated the
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measurements with a 520 nm laser with comparable intensity. Figure 5.6 shows that enhanced
magnetism is observed, however, the change in reactance is smaller than that obtained with the
650 nm light source. We attribute this discrepancy to heating effects due to the irregular intensity
distribution of the laser spot, where, the laser was significantly more intense near the center, than
at the edges, possibly causing heating effects in the coil, which our previous studies have shown
that it significantly decreases the reactance of the coil.
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Figure 5.6: (a) Change in reactance of VSe2/MoS2 due to light illumination of 520 nm. The
intensity (3.4 mW/cm2) is comparable to that used for the 650 nm laser, and similar results were
obtained.

We have demonstrated how the magnetization of a 1L-VSe2/2L-MoS2 can be controlled
using light and it stands to reason that a similar response would be obtained in 1L-VSe2 on BSC
MoS2. Thus, we performed comparative measurements, as shown in Fig. 5.7a, where we
illuminated the two films (1L-VSe2/2L(BSC)MoS2) with light of the same wavelength and
intensity and determined how much the magnetization of the film changed for each case. We
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observed that the change in magnetization in 1L-VSe2/2L-MoS2 is about 4 times greater than that
of 1L-VSe2/BSC-MoS2 and is a reproducible result (Fig. 5.7a inset). This observation leads us to
believe that electron confinement effects on the 2L-MoS2 might play a significant role in the
mechanism behind light mediated magnetism in this heterostructure (Fig. 5.7b,c). We will expand
on this concept later in this work.

Figure 5.7: (a) Comparison of the reactance change (X) due to light irradiation at the same
wavelength ( = 650 nm) and intensity (4.2 mW/cm2) between the 1L-VSe2/2L-MoS2 film and the
1L-VSe2/BSC-MoS2 film. The light-enhanced magnetization is about 4 times greater in the 1LVSe2/2L-MoS2 film than in the 1L-VSe2/BSC-MoS2 film. Inset of (a) shows values of the
reactance change (X) measured at different times demonstrating the reproducibility of the
observed effect. (b) Schematic shows a possible charge transfer via the 2L-MoS2/VSe2 and (c)
BSC-MoS2/VSe2 interface upon light irradiation.

To understand the mechanism of light-enhanced magnetism in this system, hybrid density
functional calculations were performed. The calculations suggest that this enhancement can be
tentatively attributed to the presence of sulfur vacancies (VS) in 2L-MoS2 (Fig. 5.8 and Fig. 5.9).
VS is found to be stable in its negative charge state (VS–) in the range of Fermi-level values closer
to the conduction-band minimum (CBM) and, under n-type conditions, VS– is the lowest-energy
magnetic native point defect (1μB per VS–) (Fig. 5.9). The magnetic interaction between the two
VS– defects is weakly ferromagnetic. In the VSe2/MoS2 system, the presence of the VSe2 layer with
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a larger work function of ~4.5 eV (as compared to ~4.1 eV for the MoS 2 layer) leads to an
accumulation of electrons in the VSe2 layer (Fig. 5.10), creating a depleted region in the MoS2 side
of the hetero-interface and subsequent formation of a Schottky barrier. As discussed before, the
mechanism for ferromagnetism in the VSe2/MoS2 system is still under debate; however, the
accumulation of electrons in the VSe2 layer could give rise to enhanced ferromagnetism in this
layer and hence, contributes to the change in net magnetization of the VSe2/MoS2 heterostructure
as measured by VSM (Fig. 5.3a) when the material is not exposed to light. It is noted herein that
1L-VSe2 has a more dominant magnetic contribution to the net magnetization of the 1L-VSe2/2LMoS2 film.

Figure 5.8: (a) Top-view of spin density associated with a single negatively charged defect VS–;
(b) top-view of the spin density associated with a pair of VS–. Large (purple) spheres are Mo and
small (yellow) spheres are S. The lattice site of the vacancy is marked by a small (white) sphere.
The isosurface level is set to 0.014 e/Å3 and the green (purple) isosurfaces correspond to up (down)
spin.
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Figure 5.9: Formation energies of sulfur vacancies (VS) and interstitials (Si) under the extreme
Mo-rich and S-rich conditions, plotted as a function of the Fermi level from the VBM to the CBM.
The slope of energy-line segments indicates the charge state. The vacancy (interstitial) is found to
be the dominant native point defect under the Mo-rich (S-rich) condition. VS is stable as the neutral
(and nonmagnetic) vacancy VS0 in a wide range of Fermi-level values and as the negatively charged
vacancy VS– near the CBM (i.e., under n-type conditions). The (0/–) transition level of VS is at 0.31
eV below the CBM. VS– has a calculated magnetic moment of 1μB. Si is, on the other hand, stable
as the neutral and nonmagnetic vacancy Si0 in the entire range of Fermi-level values.

Figure 5.10: Energy band schematic of (a) MoS2 single crystal (n-doped) before growth and (b)
the as-grown VSe2 /MoS2 film. A Schottky barrier is formed at the between metallic VSe2 and
semiconducting MoS2
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Upon light illumination, electron-hole pairs are generated and subsequently separated by
the interfacial electric field at the Schottky barrier between the two materials. Consequently, an
accumulation of excited electrons builds up in the conduction band of the MoS2. These 2D
“electron gas” can increase the negative charge of the sulfur vacancies in the MoS2 layer, which,
in turn, increases the net magnetic moment. For example, the nonmagnetic VS0 becomes VS–, for a
certain amount of time (during laser irradiation). Our calculations show that part of the extra
electrons will localize on the vacancy. At higher laser powers, more photo-generated electrons in
the conduction band of MoS2 will completely fill the available confined-states and will eventually
“leak” to the VSe2 layer, which could explain the eventual saturation of the magnetization
enhancement. Due to the two-dimensional nature of 2L-MoS2, both photo-generated electrons and
sulfur vacancies are confined to a vicinity of the heterostructure interface. This facilitates the
ferromagnetic interaction between nearby neighboring vacancies, which not only leads to a larger
magnetic moment in the film but also enhanced light-controlled magnetism. This suggests that
besides the interfacial coupling of the heterostructure, the electron confinement and the
concentration of sulfur vacancies also mediate the change in magnetization of the film under
illumination (see, Fig. 5.4b).19,20,161 This effect is significantly reduced when the thickness of the
MoS2 layer is increased (Fig. 5.7a), where we demonstrate that the change in magnetization of the
BSC-MoS2/VSe2 is 4 times smaller than that of 2L-MoS2/VSe2. We ascribed this as a direct
consequence of the lack of confinement near the MoS2/VSe2 interface. In the case of BSCMoS2/VSe2 (Fig. 5.7c), photogenerated electrons are no longer confined to the interface, but are
able to move deeper into the MoS2 layer, greatly reducing the concentration of electrons near the
interface. Nevertheless, further studies are needed to fully understand the mechanism of the lightmediated ferromagnetism in the VSe2/MoS2 system. Also note that sulfur vacancies in 2L-MoS2
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are likely not the only source of magnetism; other point defects and extended defects in the samples
may play a role. Our theoretical argumentation regarding the light-enhanced ferromagnetism here
is applicable to any defect whose electrical and magnetic properties are similar to those of the
sulfur vacancies.

Figure 5.11: (a) Magnetic hysteresis loop taken at 300 K for the 1L-VSe2/1L-WS2 film; (b) The
reactance (X) vs. time upon illumination with a 650-nm laser with various intensities for the 1LVSe2/1L-WS2 film; (c) Laser intensity dependence of the reactance change (X) for the 1LVSe2/2L-MoS2 film.
Finally, we have aimed to prove that the above-observed phenomenon should be universal
in similar van der Waals heterostructures in which the MPE plays a crucial role in inducing the
magnetic ordering into the optic layer whose magnetism can be tuned by laser light. Therefore, a
1L-VSe2/1L-WS2 heterostructure was fabricated using the same combined CVD and MBE
method. The selected results are shown in Fig. 5.11. Like the 1L-VSe2/2L-MoS2 heterostructure,
the 1L-VSe2/1L-WS2 heterostructure also exhibits a pronounced ferromagnetic signal at room
temperature (Fig. 5.11a), as well as light-tunable ferromagnetism at room temperature (Fig. 5.11b
and c). It can be observed in Fig. 5.11c that the magnetization increases significantly with
increasing laser intensity and tends to saturate at high laser intensities. This trend has already been
observed for the case of the 1L-VSe2/2L-MoS2 heterostructure (Fig. 5.4d). These results
demonstrate the universality of the observed effect and pave a new pathway for the design and
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fabrication of novel van der Waals heterostructures for use in 2D van der Waals spintronics, optospin-caloritronics, and opto-valleytronics.
5.4 Conclusion
In conclusion, we have successfully fabricated the novel 1L-VSe2/2L-MoS2 magnetic
heterostructure using combined CVD and MBE. We show solid evidence for room temperature
ferromagnetism in the 1L-VSe2/2L-MoS2 film and demonstrate the new possibility of
manipulating the magnetism by illuminating the film with light of the appropriate wavelength. We
have shown the direct role confinement effects play in light-mediated magnetism, by comparing
the performance of 1L-VSe2/2L-MoS2 and 1L-VSe2/BSC-MoS2. In contrast with our previous
study of light-controlled magnetism in dilute magnetic semiconductors, we see that the
enhancement is significantly higher in the VSe2/MoS2 heterostructure than it is in V-WS2 and VWSe2 monolayers. The similar effect was also observed for the VSe2/WS2 heterostructure. We
thus attribute this to two main reasons: (i) the magnetic moment of the VSe2 monolayer is larger
than that of V-doped TMD monolayers, and (ii) the charge transfer through the interface of the
heterostructure. On the first point, DMSs only allow for a limited amount of magnetic atoms before
the semiconducting properties severely degrade, therefore, the magnetic moment is bound to be
small and little modulation of the magnetization is expected. On the second point is where the
major difference lies between VSe2/MoS2 differs from V-WS2 (V-WSe2). The junction between
the two materials provides a route for charge carriers to separate between the two layers, allowing
for a wider range of tunability of the magnetization, and the emergence of confinement effects
which promote it. Our study paves a new pathway for the design of novel 2D-TMD van der Waals
heterostructures that exhibit unique magneto-optical coupling functionalities that enable the next
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generation of high-performance optoelectronics, spintronics, valleytronics, and quantum
technologies.
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CHAPTER 6:
TWO-DIMENSIONAL MAGNETS FOR MAGNETIC SENSING AND ENERGY
HARVESTING APPLICATIONS2

In this chapter we aim to highlight applications of magnetic two-dimensional materials
beyond light mediated magnetism. We will discuss the potential of VSe2 monolayers for magnetic
sensing by incorporating it with a magnetic microwire coil based sensor. We will also discuss the
potential of V-WSe2 monolayers for magnetic switching and energy harvesting applications.
6.1 VSe2 ferromagnetic monolayer for magnetic sensing applications
The first application we will discuss is our recent development of a highly sensitive
magnetic sensor which incorporates the high sensitivity of the magneto LC resonance technique,
with the soft magnetic properties of VSe2 monolayers.
6.1.1 Introduction
Induction coil sensors have been widely used due to the simplicity of their construction
and a well known transfer function.120 It is established that the sensivity of an induction coil is
limited by the number of windings; the greater the number of turns the higher the sensitivity. This
quickly becomes a problem for modern applications where it is desirable to limit the size of
sensors. Adding a soft ferromangetic core with high relative permeability can largely increase the
sensitivity of a coil, and hence allow for smaller sensor sizes.163 A similar working principle has
2
Portions of this chapter have been previously published [Ortiz Jimenez, V. et al. A magnetic sensor using a
2D van der Waals ferromagnetic material. Scientific Reports 10, 1–6 (2020)].
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recently been used in the design of magnetic microwire coil-LC resonator sensors, but cobalt rich
magnetic microwires are used instead of non-magnetic conductors such as copper.121 The working
principle of the sensor reported in this paper is fundamentally different than that of a conventional
induction coil sensor. It relies on the changes in resonance frequency caused by external magnetic
fields, instead of simply measuring the induction of the coil. It is also different from the magnetic
microwire coil-LC resonator sensor121 that relies in changes in impedance of the microwire caused
by external magnetic fields.
6.1.2 Methods
In chapter 2, we demonstrated that the impedance of the MMC can be written as follows:
𝑍coil =

2 ]
𝑅𝑝𝑎𝑟 +𝑗𝜔[L(1−𝜔2 LC𝑝𝑎𝑟 )−𝐶par 𝑅𝑝𝑎𝑟

(1−𝜔2 L𝐶𝑝𝑎𝑟 )2 +(𝜔𝐶𝑝𝑎𝑟 𝑅𝑝𝑎𝑟 )2

,

(1)

where 𝜔 is the angular frequency, and 𝑗 is the imaginary unit. We discussed that resonance will
occur when the inductive reactance (𝑋𝐿 ) and the capacitive reactance (𝑋𝐶 ) are equal in magnitude
but differ in phase by 180 degrees, and the system experiences self-resonance. The resonance
frequency, 𝑓0 , is given by
𝑓0 =

√1−(R2par Cpar /L)
2𝜋√LCpar

.

(2)

We expect a self-resonant behavior in the microwire coil as well, but the resonance frequency will
be different than that of the inductor since the wire is now a magnetic material. We must also
consider the effects of a ferromagnetic core on the sensor. The core will modify the relative
permeability in the space within the coil, and this will in turn change the flux through the coil and
hence affect the inductance. Since the permeability is field dependent, an external magnetic field
will modify the permeability of the core and the resonance frequency with it. Additionally, we
must consider that the wire itself is magnetic, which will lead to an effective permeability of the
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microwire and the core. The inductance of the sensor must then depend on this effective
permeability, 𝐿 = 𝐿(𝜇𝑒𝑓𝑓 ). The sensitivity of the sensor is defined as the rate of change of the
resonance frequency with respect to the external DC magnetic field,
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑑𝑓0
𝑑𝐻

.

(3)

The Q factor is also calculated by measuring the bandwidth, BW, and the resonance frequency
using the following relation,
𝑄=

𝑓0
𝐵𝑊

(4)

6.1.3 Results and Discussion
A set of measurements is performed to characterize the sensor; the resonance frequency is
found for every value of the field. Resonance is determined by the zero crossing of the reactance.
To see the effects of the monolayer core we show in Fig. 6.1a the reactance of the coil with and
without the monolayer core at zero field. The presence of the monolayer shifts the resonance
frequency of the sensor by a few megahertz. We then applied the external field and observed how
the reactance curve is shifted along with the corresponding resonance frequency as shown in Fig.
6.1b, for the coil with the monolayer in its core. The magnetic field is applied perpendicular to the
coil’s axis, along the length of each wire segment, which is a magnetically easy axis of the wire.
The reactance of the coil being proportional to the inductance changes drastically with frequency
and applied field, as well as the resonance frequency (see Fig. 6.1c).
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Figure 6.1: (a) Frequency dependence of the reactance of the sensor with and without the magnetic
VSe2 film in the absence of an external magnetic field; (b) Frequency dependence of the reactance
of the sensor with the magnetic VSe2 film shows large shifts in the resonant frequency with respect
to applied magnetic fields; (c) 2D surface plot shows the magnetic field and frequency
dependences of reactance.

The resonance frequency is determined for different values of an externally applied
magnetic field, between -30 to 30 Oe. Fig. 6.2a shows the change in resonance frequency as a
function of applied field. Unique values of the resonance frequency exist for fields smaller than 5
Oe. A challenge we must consider when using a magnetic material is the hysteresis that is inherent
to it. We have found that hysteresis in the sensor is negligible as long as fields no greater than 5
Oe are applied (see the inset of Fig. 6.2a). Since the sensor is intended to detect small magnetic
fields, this should not hinder the sensor’s performance. At higher fields, the magnetic wire
saturates, and 𝑓0 changes very slowly, rending the sensor inoperable.
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Figure 6.2: (a) The resonant frequency of the sensor (f0) changes as a function of magnetic field.
A large change is achieved at fields between 0 and 5 Oe. A comparison between the air coil and
the coil with the monolayer VSe2 core is shown. The inset shows that hysteresis in the sensor is
negligible in the low field regime (below 5 Oe); (b) a fit of the magnetic field dependent resonant
frequency f0(H) data is displayed, with the inset showing the magnetic field dependence of the
sensor sensitivity.
A fit of the right branch of the 𝑓0 plot is shown in Fig. 6.2b with the following equation,
𝑓0 = 𝑎 + 𝑏𝐻 + 𝑐 ∗ 𝑟 𝐻 ,

(5)

where 𝑓0 is the resonance frequency, 𝐻 is the external magnetic field and a = 40.50, b = 0.41, c =
62.30 and r = 0.62 are fitting parameters. When compared to the behavior of the air coil, the
parameter c increases when the core is inserted; it is the parameter that depends the most on the
properties of the core, hence modifying the contribution from the exponential term to the change
in resonance frequency. While the wire dominates the behavior of the sensor, a magnetic core may
be used to improve sensitivity. The sensitivity of the sensor is shown in the inset of Fig. 6.2b.
Values as large as 16×106 Hz/Oe are achieved for the sensitivity. Future work must be focused on
determining the minimum detectable signal of the sensor, but the high sensitivity may allow for
applications such as bio-detection, where magnetic nanoparticles are used as bio-markers for
pathogen detection and quantifying low particle concentrations is neccessary.164 We also show
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how the VSe2 monolayer compares with a commercially available METGLAS 2714A ribbon (see
Fig. 6.3).

Figure 6.3: (a) The resonant frequency of the sensor (f0) changes as a function of magnetic field,
for the air coil, the coil with a monolayer VSe2 core on single crystal MoS2 and HOPG, and the
coil with a conventional METGLAS 2714A ribbon core; (b) Magnetic field dependence of the
sensor sensitivity when using the air coil, the coil with a monolayer VSe2 core on single crystal
MoS2 and HOPG, and the coil with a conventional METGLAS 2714A ribbon core respectively.
These ribbons have ultra-high DC permeability and are known to be excellent magnetic cores. The
METGLAS ribbon shows a larger improvement in sensitivity than the single layer of VSe2. This
is expected from a soft bulk material, but it shows that even a single layer of VSe2 can serve as a
magnetic core to improve sensitivity of coil-based sensors, particularly in the low field regime.
Finally, we have determined the Q factor of the sensor at different values of external DC
magnetic field, as shown in Fig. 6.4. We have found that for very small fields, smaller than 1 Oe,
the Q factor is 0.6; as the field increases it reaches a minimum value of 0.36 at 3 Oe. Most of the
losses are associated with the magnetic wire itself; the core slightly decreases the Q factor by less
than 0.1. This is consistent with the soft ferromagnetic characteristic of monolayer VSe2, which
predicts minimal magnetic losses.
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Figure 6.4: Magnetic field dependence of the Q factor of the sensor. The significant change in Q
is observed at low field regime.

6.1.4 Conclusion
In summary, a highly sensitive magnetic field sensor was built using a magnetic microwire
coil as the sensing element with a single layer VSe2 film as the core. Sensitivity as large as 16×106
Hz/Oe for very small fields was obtained. While conventional bulk materials with ultra-high
permeability show a higher increment in the sensitivity of coil-based sensors, a single layered 2D
magnet can still increase the sensor performance to a comparable level. Furthermore, core losses
were shown to be minimal which is desirable for sensor design.
6.2 V-doped WSe2 monolayers for energy harvesting applications
The underlying concept behind energy harvesting is the ability to convert ambient energy
that is readily available and converting into useful energy. A model electromagnetic vibration
energy harvester consists of a pickup coil in between which a permanent magnet sits on a base
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which is in contact with the base through which vibrations are transmitted. The vibrations cause
the magnet to oscillate, generating a variation in the magnetic flux inside the coil, which induces
a voltage in the coil, following Faraday’s law of induction.165–167 The induced voltage can be
enhanced by tuning the properties of the magnetic core, in a similar way as sensitivity is enhanced
in magnetic sensors. This energy harvesting accommodates self-powered multifunctional devices,
where the harvester itself can serve as a magnetic sensor as well as an energy source.

Figure 6.5: Schematic of electromagnetic energy harvester. Adapted from reference [165].
6.2.1 Magnetic switching and energy harvesting in twisted FeCoV wires
An example of a magnetic material for energy harvesting are magnetic wires exhibiting the
Wiegand effect. The Wiegand effect manifests as a large jump in the M-H loop due to a
magnetization reversal in magnetic wires with bistable magnetization states.168 Figure 6.6a shows
a schematic of a twisted FeCoV wire, which has a hard magnetic core and a soft magnetic shell.
When an external magnetic field is applied, the system is prepared such that the two possible
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alignments are possible, and parallel alignment when the magnetic field is sufficiently large to
orientate the magnetic spins within both layers in the same direction and an antiparallel alignment
when the magnetic field is reversed, and insufficiently large. As the field is swept, this sudden
change in the orientation of the magnetic domains results in a sudden change of the magnetization,
known as a Barkhausen jump, as shown in Fig. 6.6b. The magnitude of the jump increases with
increasing maximum magnetic field. The magnetization reversal generates a pulse voltage in the
coil as shown in Fig. 6.6c. The magnitude of the pulse as measured by the coil depends on the
maximum magnetic field, used to train the system.

Figure 6.6: (a) Schematic of the FeCoV twisted magnetic wire, showing the parallel and
antiparallel alignments between the shell and the core; (b) M-H loop of FeCoV wires, for different
maximum magnetic field values; (c) The voltage pulse generated in a pickup coil by the reversal
of the external magnetic field, for different maximum field values. Adapted from reference [168]
©2017 IEEE.
Next, we wanted to test if we could observe the switching magnetic features of the twisted
FeCoV wires using our magnetic microwire coil-based sensor. We obtained the twisted FeCoV
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wires from Prof. Takemura from the Yokohama National University in Japan, and first measured
their magnetic properties. Figure 6.7 shows our VSM measurements of the magnetic loop for
varying maximum magnetic field values. We confirmed the trend reported by Takemura et. al.,168
where the switching feature of the magnetic loop became more pronounced for larger maximum
magnetic fields. Significant magnetic switching is observed in the M-H loops obtained by applying
a maximum field value of Hmax = 110 Oe, and barely increases for larger values of for loops
obtained with larger values Hmax.

Figure 6.7: M-H loops of a twisted FeCoV wire, with varying maximum magnetic field values as
measured.
We then performed the measured change in resonance frequency as a function of the magnetic
field of the coil with the FeCoV wire at its core. In this case, the magnetic field is applied along
the length of the wire (along the axis of the coil), which is a magnetically harder axis for the sensor
itself. This is necessary since the magnetic switching behavior of the wire is only achieved with a
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longitudinal applied field. The resonance frequency of the air coil as a function of magnetic field
is shown in Fig. 6.8.

Figure 6.8: Resonance frequency vs. magnetic field of the magnetic microwire coil (MMC),
when the field is applied along the axis of the coil.
The characteristic curve is similar to that observed for the perpendicular configuration, which was
used in the first part of this chapter. The peak broadens slightly, and the sensitivity is not as large,
but it is sufficient to detect the robust magnetization of the FeCoV wire. We then determined the
resonance frequency of the air coil (𝑓0,𝑎𝑖𝑟 ), and that of the coil + wire (𝑓0,𝑎𝑖𝑟+𝑤𝑖𝑟𝑒 ). To isolate the
properties of the wire we calculate the change in resonance frequency, ∆𝑓0 , as:
∆𝑓0 = 𝑓0,𝑎𝑖𝑟+𝑤𝑖𝑟𝑒 − 𝑓0,𝑎𝑖𝑟 .
We measured the change in resonance frequency of the FeCoV wire as a function of magnetic field
and compare it to the M-H loop obtained, for the same maximum magnetic field, as shown in Fig
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6.8. We can see that the switching features present in the magnetic M-H loop are present in the
∆𝑓0 curves. Starting from the virgin curve (black), we see the first change in slope of the ∆𝑓0 cure
at ~20 Oe, corresponding to the coercive field of the FeCoV wire (see the M-H loop in Fig. 6.8a),
followed by the second change at ~40 Oe, corresponding to the jump in magnetization of the virgin
M-H loop, and the final change at ~80 Oe, which marks the high-field magnetic switching of the
FeCoV wire. It is important to note that there is a clear coupling between the magnetic features of
the microwire coil and those of the wire, so we look for the differences in the shape of this curve,
compared to the characteristic curve of the air coil. As the field ramps down, the ∆𝑓0 curve (red)
shows the first slope change at ~80 Oe, followed by the second change at ~20 Oe marked as the
coercive field in the M-H loop. We see the same features on the other side of the ramp up branch,
in full agreement with the magnetic loop. Note that we do not see an obvious change in slope of
the ∆𝑓0 cure (RD) at ~40 Oe is due to the Zeeman effect. The field ramps up again (from negative
to positive), we observe the expected features at the corresponding fields. These findings show
that we can clearly track the magnetic switching features in the twisted FeCoV wires using the
magnetic microwire coil sensor, demonstrating that the MMC sensor is an excellent tool to
characterize these magnetic properties.

86

Figure 6.8: (a) M-H curve of FeCoV wire for a maximum magnetic field; (b) change in resonance
frequency as a function of magnetic field of the MMC with the FeCoV in its core. The virgin rampup (RU), ramp-down (RU) and ramp-down (RD) curves are shown in black, red, and blue
respectively.
6.2.2 Magnetic switching for potential energy harvesting in V-doped WSe2 monolayers
In chapter 4, we discussed the magnetic properties of V-WSe2 monolayers. V-WSe2 shows
tunable room-temperature ferromagnetism with varying V doping concentrations.7 We also
discussed the interesting spin configuration of V-WSe2, which differentiates it from V-WS2. In VWSe2, the V atom is antiferromagnetically coupled to the nearest W atoms (Fig. 6.9a). This
coupling results in an interesting feature appearing in the magnetic loop of V-WSe2. Pham et. al.
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reported the emergence of a magnetic crossover between the ascending and descending branches
of the M-H loop of the system.7 Figure 6.9b shows the M-H loop of monolayer 0.5at.% V-WSe2
at 300 K. At 300 K a crossover of the two branches is identifiable at a field Hcr ~ 520 Oe (on the
positive branches), which is completely absent below the critical temperature (~175 K). It has been
established that this crossover effect is a direct consequence of the AFM coupling between V sites
and near W atoms. At low temperatures, the AFM coupling is strong and remains so when an
external magnetic field is applied. As the temperature increases, thermal fluctuations weaken the
AFM coupling, such that a magnetic field of sufficient magnitude (Hcr) can flip the AFM spins
along the direction of the applied field, leading to the crossover of the two branches. Such a sharp
change in the magnetization due to the AFM spins’ flipping observed in the V-WSe2 monolayer is
in line with that observed for the twisted FeCoV wire.

Figure 6.9: (a) Schematic of spin-configuration of monolayer V-doped WSe2 for atoms around a
single V site; M-H loop of the 0.5at.% V-doped WSe2 monolayer at 300 K.
Therefore, we propose to exploit this magnetic switching feature for magnetic field
switching detection and potential energy harvesting applications. The crossover effect observed at
room temperature provides two magnetization states depending on whether the magnetic field is
being swept up or down. To test this proposition, we measured the change in resonance frequency
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due to an external magnetic field of the magnetic microwire coil, with a 0.5at.% V-WSe2
monolayer at its core, and the results are shown in Fig. 6.10. Starting from the virgin curve (black),
we see the first change in slope of the ∆𝑓0 cure at ~200 Oe, corresponding to the coercive field
obtained from the M-H loop (Fig. 6.10b), followed by the second change at ~700 Oe, which marks
the high-field magnetic switching of the V-WSe2 monolayer.

Figure 6.10: The change in resonance frequency as a function of magnetic field of the MMC with
the V-WSe2 monolayer in its core is shown. The virgin ramp-up (RU), ramp-down (RU) and rampdown (RD) curves are shown in black, red, and blue, respectively.
As the field ramps down, we also observed these features in the ∆𝑓0 cure (red) at the corresponding
fields. In addition to these features, we observed the change in slope characteristic of a
magnetization reversal, near the critical field (Hcr ~520 Oe) identified in the M-H loop. The
expected features are also observed in the ∆𝑓0 curve (blue), when the field ramps up from the
negative to positive field. The splitting occurs near the Hcr value observed in the M-H loop of the
sample. The feature is strikingly sharp, despite the much smaller magnetic moment of V-WSe2
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monolayers. This demonstrates the potential to exploit the magnetic switching feature of V-WSe2
monolayers for two-dimensional energy harvesters.
6.2.3 Conclusion
In summary, we have demonstrated that the MMC sensor we developed is capable of
detecting the magnetic switching properties of twisted FeCoV wires. The source of this switching
behavior is the AFM coupling between the core and the shell of the wire, which can be overcome
by an external magnetic field. We identified a similar AFM coupling in V-WSe2 monolayers,
which creates two different magnetic states for the ramp-up and ramp-down branch of the magnetic
loop, when we can exploit for magnetic switching applications. We confirmed the presence of
magnetic switching in V-WSe2 using our magneto-LC resonance sensor, and hereby propose that
this feature can be exploited for energy harvesting in similar way as FeCoV wires.
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CHAPTER 7:
CONCLUSION AND OUTLOOK

7.1 Summary
Room-temperature ferromagnetism has been realized in 2D dilute magnetic
semiconductors. The magnetic properties of V-WS2 and V-WSe2 monolayers can be tuned by
changing the doping concentration. Magnetic interactions in this system are mediated by hole
carriers, and DFT calculations show that hole injection increases the net magnetization. We have
demonstrated that magnetism in these dilute magnetic semiconductors can be modulated using
optically injected charge carriers. This effect is absent in pristine WS2 and WSe2 monolayers. In
V-doped WS2 monolayers, hole carriers increase the magnetic moment at the V site and the near
W sites. In V-WSe2 monolayers, DFT calculations show that the magnetic moment of the V site
is antiferromagnetically coupled to the magnetic moments of the nearest W sites. Increased hole
concentrations are shown to increase the magnetic moment of the V site and promote flipping of
spins at the nearest W sites with respect to the V moment from AFM to FM, increasing the net
magnetic moment of the V-WSe2 monolayer. We showed that light-mediated magnetism is
observed for varying laser wavelengths, as long as their energies are above the optical gap. This
study opens a new door to realizing optically controlled spintronic and opto-spincaloritronic
devices.
Monolayer VSe2 is a promising 2D magnetic material, which when proximitized with other
two-dimensional semiconductors can enable light modulated magnetism at room temperature. We
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showed how light illumination enhances the magnetization of this heterostructure, which is
mediated by photoinduced charge carriers. This effect is absent in pristine bilayer MoS2/SiO2, and
monolayer VSe2/SiO2, demonstrating that the interface of these two materials, and proximity
effects play a key role in this effect. Photogenerated electrons accumulate in the MoS2 conduction
band, while holes transfer to the VSe2 layer. The electrons in MoS2 can localize in the S vacancies
present in this layer, which calculations show that increasing the negativity of the sulfur vacancies
enhances the contribution from the vacancy to the total magnetic moment. A similar effect is
observed was observed in a VSe2/WS2 film, showing that other semiconducting TMDs may be
used as well. This is another example of charge carrier mediated magnetism, but in this case, we
see charge transfer between the two layers plays a key role.
Finally, we studied the potential of VSe2 monolayers in various substrates, for magnetic
field sensing applications. We found that by incorporating a VSe2 monolayer as ferromagnetic
core to a magnetic microwire coil, we can obtain enhanced sensitivity to external fields, compared
to the coil with no core. We observed that the increase in sensitivity is comparable to that obtained
using commercial magnetic ribbons with ultrahigh magnetic permeability, for small magnetic
fields. We also studied the magnetic switching feature present in V-WSe2 monolayers, due to the
antiferromagnetic coupling that exists between the V site and the nearest W sites, which results in
the formation of two magnetic states when an external magnetic field is swept. This coupling is
akin to that in twisted FeCoV wires, which also show a magnetic switching feature. In FeCoV
wires, this feature has been exploited for electromagnetic harvesting, where energy is generated
from the oscillations of a magnetic field due to the vibrations of a system from which energy is
being harvested from. These magnetic features were measured using the magnetic microwire coil
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in both the twisted FeCoV wires and in V-WSe2 monolayers, showing the potential for energy
harvesting applications of V-WSe2 monolayers.
7.2 Outlook
In this work, we showed how optically injected charge carrier mediated magnetism is
possible in two-dimensional magnetic semiconductors and their heterostructures; however, some
unanswered questions remain. In dilute magnetic semiconductors, we discussed the effect of
doping concentration on changing the electronic structure of these materials. It is clear that this
will affect the material’s optical response. Further studies should be geared towards studying
doping concentrations beyond the one with optimal magnetic properties, especially lower doping
concentrations. Extending these studies to other dilute magnetic semiconductors would help
expand the library of materials available for room temperature opto-spintronic applications.
Due to the limitations of the existing experimental techniques, the true timescale of the
light mediated magnetic effects remains unknown. Future studies using ultrafast spectroscopy and
magnetometry could yield valuable insights into the carrier and spin dynamics in this system.
Furthermore, we saw the critical role of charge combined with confinement effects, which enables
light mediated magnetism in the heterostructure system. Additional experiments could provide
needed insight to further tune this interaction between the two layers of these heterostructures.
Experiments using different heterostructures such as V-WS2/Graphene and V-MoS2/Graphene,
where charge transfer dynamics may differ could help us confirm the mechanism which we have
prescribed here.
In these studies, we solely focused on unpolarized light; however, the strong spin orbit
coupling characteristic of group VI TMDs make them an excellent platform for valley-selective
optical excitations and the possible applications in the development of valleytronics. It would be
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interesting to study the effect of dopants in the spin orbit coupling of this system, and how the
changes to the electronic structure affect the valley polarization response.
The spin Seebeck effect (SSE), which refers to a thermally driven spin current flowing
through a ferromagnet/heavy metal interface such as Y3Fe5O12 (YIG)/Pt, forms the basis for
developing spincaloritronic devices. However, the large conductivity mismatch between insulator
YIG and metal Pt reduces the spin mixing conductance and hence the SSE. In this context, we
propose that the presence of a monolayer V-WS2 or V-WSe2 semiconductor as an intermediate
layer between the YIG and Pt layers could not only reduce the conductivity mismatch but also
enhance the magnetic flux density at the interface, resulting in large enhancement of the SSE.
Since the ferromagnetism of the V-WS2 monolayer can be tuned by varying laser light intensity,
exploring optically controlled SSE in YIG/V-WS2/Pt heterostructure has potential to establish a
new research field named opto-spincaloritronics.
Finally, we would propose further studies of V-WSe2 monolayers for energy harvesting
applications. Previous work has shown that the switching feature present in these monolayers
changes with doping concentrations. Therefore, it would be interesting to perform similar
measurements with a variety of doping concentrations to understand how the magnetic switching
can be optimized. This opens the door to other magnetically doped semiconductors which may
possess similar spin coupling as that in V-WSe2. Two-dimensional electromagnetic energy
harvesters could allow for self-powered two-dimensional spintronic devices.
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